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SUMMARY

A site survey of eight Naval and Marine flight training simulators was

conducted to ascertain potential simulator design and procedural aspects with

potential ror influencing simulator-induced sickness. The results of this

survey, described in this report, are catalogued in a set ot seven tables

including information on various simulator subsystems and simulator-induced

s icknoss incidence. These tables include overviews of simulator visual

:;ystems, motion-cuing systems, motion-base parameters, cockpit interior sys-

Lens, operating/training procedures, reported simulator anomalies, and

4 iinuator-induced sickness/aftereffects. Based on this survey, a listing of

candidate simulator and operating procedure variables for study is provided.

1'he \iriables were rated according to their priority for research and their

*iasibility for laboratory investigation as potential etiological factors in

the provocation of simulator-induced sickness. Also provided is a listing of

.pendent measures amenable for use in research on simulator sickness. A

.Airietv of physiological, ataxia, psychomotor, perceptual, task performance,

iA_; , If-report metrics are suggested. The last section of the report is

d,,oted to the specification of a generic simulator facility aimed at the

, udv of simulator-induced sickness. Suggested requirements for the visual,

:otion, and computational systems of such a facility are provided, with the

intent of establishing an environment in which as many potential simulator

U-i gn etiological variables as possible could be investigated. Accesion For
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PREFACE

The original objective of this project was to establish a listing of sim-

ulator engineering design factors which exhibit potential for contributing to

the inducement of sickness and aftereffects in simulator operators and

instructors. The listing was "prioritized" in that the apparent criticality

of each factor was rated with respect to its role in the provocation of sick-

ness and separately, its feasibility for controlled laboratory study. Also,

based on the list of factors, a proposed generic research simulator was con-

% figured to enable investigation of a number of the most cogent factors. In

collecting background information for the listing, it became apparent that not

only engineering design aspects of simulators should be considered, but pro-

ceduraL and operational practices as well. Therefore, a separate listing of

these variables was added. Furthermore, while background information was

being collected on a variety of training and research simulators and their

penchant for inducing operator discomfort, it became necessary to organize the

4 existing literature on simulator-induced sickness in systematic fashion. From

this effort, it was possible to produce two additional reports from the

research project, one constituting an overview of literature on simulator-

induced sickness (Volume I of the final report), and the other constituting a

selected, abstracted bibliography of references specific to simulator-induced

sickness (Volume II of the final report). Both ot these volumes should be

beneficial to those embarking on the study of simulator-induced sickness or

confronted withb the problem from an operational standpoi nt. Volume I. is

specii ica ty inteiided to be used in conjunction with this report.

' V';lume (Votume [l1) draws heavily from the Literature backtroind

n r orm ition k- ontai ned in Volume I m;id trom data col lected hy the research

i V
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team during simulator site visits. Also, as originally proposed, the results

of NTSC Work Task 3775-IP2 by Mr. Joseph A. Puig, were to be a primary source

of information on specific simulators for this project. Wherever possible,

information from this report was included in cataloguing Naval and Marine

flight simulator characteristics, though the site visits were found to be

necessary to obtain much or the needed information. From the results of the

site visits, a set of seven charts was constructed to catalogue, in detail,

flight simulator characteristics of eight devices which were actually visited

and three others devices for which a moderate amount of information was avail-

able from other sources. These charts were valuable in determining simulator

design and procedural characteristics with potential for contributing to

simulator-induced sickness. The questionnaires which were used to collect

inforrmation for these charts are included as appendices to the report. An

acronym glossary is also included.

kv
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RESEARCHi APPROACH

V Flight Simulator Survey

A number of reports have noted that simulator-induced sickness is a poly-

genic problem, the etiology for which may emanate from a variety of simulator

characteristics, both of an engineering design nature and of an operating pro-

cedures nature (e.g., Casali, 1981; Frank, Kellogg, Kennedy, and McCauley,

1983; MIcCauley, 1964). Due to their complexity, most flight and driving simu-

lators exhibit a number of characteristics which may have the potential of

. inducing operator discomfort. Provocative characteristics may be manifested

within several simulator subsystems including visual out-the-window scene rep-

resentation, cockpit instrumentation, vestibular cuing, kinesthetic cuing,

somesthetic stimulation, control feedback, auditory cuing, and cockpit

environment (temperature, humidity, air exchange, etc.), or they may result

from procedural aspects such as training mission intensity and duration.

Though the motion sickness and perceptual distortion literature points to

certain factors that could be expected to be particularly influential, very

little research has been conducted to determine which specific characteristics

ar truly provocative in the simulator. Because so many potential factors

exist, the effect of each of them, or any combination thereof, cannot be

ASS,,s.0,, in .i single study nor with a single existing simulator as a testbed.

i to oreore, it is necessary to choose the most salient and critical factors for

iiti it study and this can only be accomplished after careful perusal of

.' ,,i .t i: simulator facilities in conjunction with comparing the known sikness

nci nicnci, rates for those facilities. Because a major objective of this pro-

je,< was to provide a suggested list of simulator variables for study, a s,,r-

A;c )t several military simulators was essential for cataLogui ny sinulator
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design and usage characteristics which potentially contribute to simulator-

induced sickness.

As originally proposed, this survey was to rely on the engineering design

descriptions of Naval flight simulators provided in Work Task 3775-IP2 (Puig,

1984). This report proved to be quite useful for gleaning information regard-

ing the visual display and motion cuing systems of several devices known to

induce sickness. From the results of Puig's overview and from previous labor-

atory research at Virginia Polytechnic Institute and State University

(VPI&SU), it became apparent that a multitude of factors could potentially

influence simulator discomfort and aftereffects. Therefore, early in the pro-

ject, it was deemed necessary to increase the scope of the originally planned

simulator survey to tap additional simulator characteristics other than those

covered in existing simulator documentation.

After discussions with LCDR Michael Lilienthal of the Naval Training Sys-

tems Center (NTSC), it was decided that a questionnaire approach to the survey

would he attempted. The questionnaire survey was intended to obtain current

information on the simulators, as it was realized that some devices had under-

gone modification or were employed in slightly different uses than those

specified in the descriptions from the 1980 Directory of Naval Training

Devices ()uig, 1984). The simulator survey questionnaire shown in Appendix I

was devised at VPI&SU and copies were sent to NTSC in December, 1984 for dis-

tribution to 20 Naval simulator sites. The questionnaire was designed with

the intent that questions regarding simulator hardware and operational charac-

teristi.s could be answered by NTSC on-site personnel, such as field engineer-

ing representatives and simulator flight instructors. To remain within the

project schedule, it was requested that rhe questionnaires be returned within

two months to altow for cataloguing and analysis of responses. Unfortunately,

d""
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even with the distribution of questionnaires coordinated through NTSC,

response to the survey was poor. In fact, after a period of almost two and

one-half months, only one of 20 questionnaires had been completed and

returned. Therefore, it was necessary for the research team to institute a

third strategy for obtaining information on various simulators.

Simulator Site Visits

When it became apparent that the self-report questionnaire approach would

not yield sufficient data, the research team began to assemble an outline of

simulator characteristics, drawn from the questionnaire, to use as a basis for

interviewing personnel and documenting information during actual training

facility site visits. This outline appears as Appendix 11.

Selection of simulators. Again with the cooperation of LCDR Michael

Lilienthal of NTSC, arrangements were made for the research team to visit

eight Naval and Marine flight simulators to gather information on simulator

characteristics, usage practices, and anecdotal data on trainee and instructor

i(kness. In contrast to the originally attempted questionnaire survey, it

was not teasible to conduct an exhaustive on-site survey of all existing Naval

I I i,nt simulators due to time and funding constraints. Therefore, a listing

o Naval simulators was scrutinized and eight flight simulators located on the

r asL Coast were selected for review. These eight were selected on the basis

,,)f 'everai factors. First, it was desirable to sample as many different types,

of simulators as possible so that a spectrum of design characteristics could

be rntrasted with respect to their association with simulator-induced sick-

;I. he eight simulators included two fighter jet simulators (devi(-e 2EhO/

aircraft F-i-i or F-4; 2FI12/F-14A), one turboprop electronic warfare/tactical

a-ircr~itt simulator (2FIIU/E-2C), one attack jet simulator (2F122/A-ok), three

03
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helicopter simuLators (2FIOU/Sii-2F; 2FI17/CH-46E; 2F12I/Cli-531)), and one

V/STOL (tlarrier) simulator (2FI33/AV-8B). (An acronym glossary for the abbre-

viations used throughout this report appears on page 145 of this report.) The

2F133 V/STOL device was quite new so the information on it was limited in con-

trast to the other devices sampled. Among these eight simulators, a number of

design differences existed, e.g., fixed-base versus moving-base platforms,

projection versus infinity-optics visual display systems, and field-of-view

differences.

Another factor impinging on the selection of these particular simulators

was that simulator-induced sickness incidence data existed for most of them or

for their identical counterparts on the West Coast. Quantification, rather

than _just anecdotal evidence, of the simulator-induced sickness problem was

desirable so that simulator characteristics could be compared with respect to

their penchant for inducing operator discomfort on a relatively common scale.

,ost of the sickness incidence data was obtained from an on-going field study

directed by Dr. R. S. Kennedy of Essex Corporation tor the Navy, for which

preliiinary results appear in Kennedy, Dutton, Ricard, and Frank (1984).

Other s;ources of incidence data are noted in the simulator-induced sickness

tablt- to tol tow.

SLLt-. interviews. Final arrangements were made by NTSC for a research

team from VPI&SU to visit the eight simulator sites during a three-week period

in 'March 1985. During each site visit, the research team concentrated on com-

pleting as much of the outline of simulator characteristics (Appendix II) as

possible, so that tle various simulators could be documented and later cata-

logued ji tables (I through 7 herein), on a common scale. Information was

obtai ned at each simulator site from as many individualIs working in vario us

capaclities as; possible. interviews with ttiese peronne I were coordi nate,l by

4
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the NTSC field engineering representative at each site. Information was

obtained from the field engineers themselves, maintenance pe rsonne I,

operational staff (e.g., computer operators), flight instructors, flight

trainees, and in some cases, simulator manufacturing personnel.

Whenever, possible simulator information pertaining to engineering design

characteristics were obtained from the field engineering, operations, and

maintenance personnel. Furthermore, because they represented the most current

available written source of information, the documents of Puig (1984) and

FHendley (1984) were used to obtain display field-of-view dimensions (Puig),
Nk

visual display imaging techniques (liendley), motion base parameters (Puig),

and various other data regarding the physical nature of the simulators. Inter-

views with experienced flight instructors were particularly valuable in glean-

ing information about operational aspects of the simulators, including air-

craft control fidelity, training scenarios, mission intensities, flight

durations, and operating practices. Instructors and trainees relayed their

experiences with simulator-induced sickness and aftereffects and these

comments were recorded by the research team. Whenever possible for each

S i., , tor, ii structors and trainees were queried as to their perceptions of

ihe aevice's fidelity in the various subsystems and were asked to discu:ss any

,oten'iil anomalies inherent in the simulation that they noticed during use.

Biet-k'i, the flight instructors were usually quite familiar with the simula-

tors, as a result of their frequent use of the devices and observation ot

n4tuirojs trainees, they were perhaps the best source for targeting potential

s i ,s:;-lr(>wtative characteristics exhibited by thu simulators. Theretort,,

,,It ot the tahled information on simulator anomalies and simulator-induced

, .it:-,;' turefftects is based on the instructors' responses.

'I7
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Simulator site experiences. In each simulator except the 2F112, which

was not operational during the site visit, the research team members either

flew or rode is passengers for an extended flight through a full range of

maneuvers. This actual experience proved to be quite valuable for gaining

insight into the sickness problem. Whenever possible, the demonstration

flights were conducted so that maneuvers known to the instructor pilots to be

sickness provocative were presented. These included such maneuvers as

inverted flat-spins in the 2E6 Air Combat Maneuvering (ACH) simulator and

violent yaw excursions simulating tail rotor failure in the 2F[21 helicopter

trainer. information gleaned from the research team's experiences with the

simulators included data on the cockpit interior systems, procedures used dur-

ing training missions (as observed from the back-seat), and noticeable simu-

lator anomalies and distortions.

The research team's personal experiences with simulator-induced sickness

were not included in the information table on simulator-induced sickness and

aftereffects (Table 7), because it was felt that their perceptions of symptoms

wouLui have largely been pre-biased by previous interviews with trainees and

i ns trLctors. It should be noted, however, that neither research team member

experienced acute sickness nor profound aftereffects in response to any of the

simulator experiences. One member (R. Roesch) felt dizziness and mild dis-

orienLation during a number of flights in various devices but had no major

discomfort. The other member (J. Casali) experienced no symptoms save for an

aftcrt'ffect of mild dizziness following a flat-spin in the 2E6. Both members

noticd evestrain after flying with a computer-renerated image (CGI) display,

capable of enriched scene content, in the 2FI17 and 2F121 devices for extended

peri)ds of time. These effects should be considered as quite mild in relation

to th)so reported by some other simulator users.

6
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SIMULATOR CHALACTERISTiCS TABLES

Following tire simulator site visits, the information collected was com-

piled in a set of seven tables so that simulators could be compared against

each other with respect to their design characteristics, operating procedures,

potential anomalies, and tendency to induce (and conditions of) operator dis-

comfort. .gain, simulator characteristic information included in the tables

was obtained from a variety of sources, including the site interviews,

research team's observations, and documentation in Puig (1984), Hendley

(1984), and the Directory of Naval Training Devices (1980-see Puig, 1984), so

it was not possible to specifically reference the source of each detail of

information included. All information included is believed to be accurate,

out of course, because a portion of it is based on flight instructors',

trainees', and operating staff members' personal experiences related during

the interviews, there is potential for some variability in tabled entries.

However, in the interest of conveying the maximum amount of information avail-

able to the reader, the results of the site visit interviews are included as

fully is possible.

Ln compiling tie seven tables, the information on each simulator was

s(,parated as follows: Table I--visual systems, Table 2--motion cuing systems,

[ihLc 3--mIltion base parameters, Table 4--cockpit interior systems, Table b--

operating/training procedures. Table 6--apparent and/or reported simulator
C.

anomaiies, and Table 7--simulator-inducee sickness/aftereffects. The eight

;imiiators which were visited by the research team are represented in detail

i, o- f the,e Seven tables. When information under a particular column

,i not available, the term "unk." (unknown) appears as the tabled

r., whi t i particular (',1ir, w,-is not applicable to a certain simulator,

A : V . , . rs :i- te tnLtLI-v. III addiLion to the simulators which were sit,,-

/

-,L~k % 'IN. N
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visited, three other devices for which a limited amount of data were available

are included in the tables for informational purposes. These devices include

th' l2kIl/F- 1 lighter L shim l lLor, the 2'04C/SI1-311 hvlloIltor (eLvi t-e , All0

the 2F87F/P-3C anti-submarine warfare/patrol aircraft devices. Most of the

information for these three devices was obtained from Puig (1984) and Hendley

(1984). In each of the tables that follow, the row margins apply to the indi-

vidual simulators while the column headings list simulator characteristics

under each major subsystem. Following each table is a brief description of

column headings which should be referred to in using the table. Again, the

simulator acronyms (e.g. ACH) are explained in a glossary at the end of the

report.
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NTSC-TR8b-0 12

Simulator Visual Systems (Headings--Table 1.)

Simulator-aircraft-mission. This heading refers to the commission desig-

nation of the simulator (e.g., 2E6), the actual aircraft being simulated

(e.g., F-14), and the training mission of the simulator (e.g., ACM-Air Combat

Maneuvering, OFT--Operational Flight Trainer, WST--Weapons Systems Trainer,

NCLT--Night Carrier Landing Trainer, WTT--Weapons Tactics Trainer-see also

glossary). Also, the type of aircraft (e.g., fighter) is specified. This

column is the same for all tables I through 7.

Locations. Under this heading, the geographic location for each simu-

lator is specified. In some cases, more than one example of a particular sim-

ulator exists, sometimes at different sites. In these cases, the simulator

location at which the tabled information was obtained is denoted by an

asterisk. This column information is the same for all tables I through 7.

image generation system--manufacturer. In this column, the means by

which the visual display image is generated is indicated. Among those devices

tsurveyed, three different image generation systems are used. These include

digital computer-generated image (CGI--incorporating either CRT or projection

screen presentation), point-light source projection through transparency, and

ciosed-circuit television (CCTV) model board imaging. Also, the image gene-

r ition system manufacturer and model number are noted.

*. iteration rate. This rate applies to those simulators incorporating video

CCTV or CGI systems and refers to the frequency at which a new "frame of

video information is written.

l)isplay imaging methods. This column denotes the method by which the

vI SMal system image is displayed (not generated) or produced in view of th

operator. Ihat is, cathode ray tube images may be "drawn" in calligraphic or

r ister scan fashion, point-light images result from projection of a light

13
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source through a transparency (usually in the shape of a sphere) onto a curved

screen or dome, and model board images may be displayed via TV projection or

on raster CRTs.

Display medium. In this column, the actual physical medium for conveying

the visual image, be it real or virtual, is specified. Categories include

spherical screens in the form of domes, curved screens, and refractive (e.g.,

fresnel lens) or reflective (e.g., spherical mirror) infinity-optics CRT dis-

play media.

Total field-of-view. This measurement reflects the total horizontal and

vertical field-of-view in degrees, defined by the angles subtended by the

edges of the display at the eye, when a typical operator would be seated at a

centered design eye position. The field-of-view sizes were obtained from Puig

4(1984) and from on-site engineers.

Crewmember effective field-of-view. Wherever possible, the display

field-of-view (horizontal and vertical) from each crewmember's seat (rather

than a centered position) is specified. Of course, for some in-line tandem

seat cockpits, such as that in the 2E6, the total field-of-view is approxi-

mately equal to the field-of-view for each crewmember.

Approximate viewing distance. This distance is the approximate length in

feet from the design eye position to the physical display center, along a per-

pendicular Line-of-sight. In some cases this measure was available from the

simulitr specification manuals while in others it was estimated by the simu-

lator operating personnel.

_umher of displays and channels. For the CGI and CCTV-based visual sys-

tern;, the number of video channels is specified along with the number of

separite disp[ay which they feed. Also, where possible, the assignment of

W.'- ~displays to cockpit windows is given.

14
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Cockpit windows. In this column, the number of cockpit windows or type

of cockpit enclosure is specified.

Scene luminance conditions. The sky/earth lighting condition

capabilities are given as dusk, dawn, daylight, night, etc. This information

was obtained by direct observation and from Hendley's (1984) survey infor-

mation on certain visual systems. *1

Scene contrast conditions. A general subjective estimate of display con-

trast capabilities is given in this column for each simulator.

Scene motion. The degrees-of-freedom of visually-depicted -motion

inherent in the displayed scene are specified. These include angular accele-

rations (pitch, roll, yaw) and translational accelerations (lateral, longi-

tudinal, vertical).

Relative display complexity/detail. In this column, a general, relative

(to Lhe other observed simulators) estimate of visual system scene detail cap-

-ibility is given. For instance, point-light source transparency projection of

high-altitude situations tends to be relatively impoverished while CCTV model-

ooarl and CGL displays depicting low-altitude daylight flight may present con-

siderahle detail. Furthermore, detail and complexity may vary greatly within

i particular visual system, depending upon the desired flight scenario.

Displayed objects. A general listing of displayed objects (other than

hc SKy/earth background) is presented in this column.

Display relevance to training mission. Here, a brief listing of major

traLin og mission aspects for each simulator is provided.

isplay dptn cuing. A general indication of display features which pro-

ide leoptnl cue impression is included.

15s
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Simulation Motion Cuing Systems (Headings--Table 2.)

Simulator-aircraft-mission; Locations. (As before.)

Motion-base type, manufacturer. Entries in this column specify whether

the simulator is fixed-base (i.e., the cockpit platform does not rotate or

translate), or moving-base, either of synergistic (all actuators work

together) or cascade variety (Puig, 1984). Also, if moving-base, the manu-

facturer is specified.

Degrees-of-freedom (d-o-f). The degrees-of-freedom of vehicular motion

represented in the motion base are specified. Again, accelerations may be

presented in rotation (pitch, roll, yaw) or in translation (lateral, longi-

tudinal, vertical).

Excursion limiting methods. For moving-base devices, the methods of

Limiting iydraulic actuator extension are noted. Usually, actuator position-

ing i3 computer-controlled and electric limit switches are incorporated on

hydraulic rams to prevent hyperextension. A buffering system is usually

included to reduce abrupt ram deceleration and jerk.

Acceleration cuing logic. On all moving-base simulators in the survey,

acceleration and deceleration of the motion base is controlled by a washout

al;orithm which tapers off a notion cue after the initial onset of accele-

ration. Ihis information is noted in this column. After motion cue presen-

tatiLo,, and washout, most systems utilize a "nulling" strategy in which the

motion base is returned to a central position for presentation of subsequent

cues. For instance, during a sustained banked turn, the simulator cockpit may

not c ,ltifTue to roll during tne full period of the turn. After initial roll

cuo o:ist I resentation and subsequent washout, the simulator may return at a

rate ,,iw perceptual threshold to a level (nul I) position even though the

instrura,:t, and visual scene continue to depict the sustained turn.

18
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Anecdotal motion base infidelities. In this column, any infidelities in

motion base operation which were reported by the flight instructors, operating

personnel, etc. during the interviews are noted. These include mention of

such potential disparities as motion surge or bump, coupling between motion

axes, and inaccurate motion response to control input.

*1G-seat, g-suit. Though not directly imparting motion to the body, these

devices are sometimes used to "enhance" the motion cue environment. The g-

seat incorporates inflatable seat pan and back pads which inflate or deflate

(hydraulically or pneumatically) to provide kinesthetic and somesthetic stimu-

lation associated with acceleration effects. One potential problem with them

is that they may change the operator's head position with respect to the dis-

plays, potentially resulting in slightly off-axis viewing and distortion. The

g-suit provides constrictive pressure on the body which would be associated

with g-suit inflation during high-g maneuvers in flight. Of course, the cue

is strictly an "associative" one, since a moving-base simulator can only pro-

duce a fraction of the g-forces experienced in the analogue aircraft and only

for a very short period of time.

Restraint belt tensioning. Another technique to enhance or augment

notion cuing, restraint belts (shoulder harness/lap belt) may be tightened

during presentation of high accelerations and kinematics in the simulator.

V.' Thi, technique attempts to simulate the effects ot the pilot's body being

pushed against the belts such as that which occurs during sudden deceleration

or rapid headward acceleration.

Control/cockpit/seat vibration. In this column in Table 2, the presqon,-

vi )ration cuin g is indicated, along with the components of the sirnoukitor Lo

wiii,5 j. i- tpi)lied.

,.ntr,,/'c0)c~it/seat buffet. The presenv;ati'u of a i rcral t o t( i ' C

19
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effects, such as those due to an impending stall condition, are specified.

G-force display dimming. In some simulators which represent aircraft

capable of high-g maneuvers, the visual display may be progressively dimmed .m

with simulated increasing-g conditions. This practice is an attempt to convey

to the pilot that gray-out, blackout, and/or tunnel vision effects are

occurring due to the influence of high-g on the cardiovascular system.

Control loading changes. In some of the simulators surveyed, control

loading (resistance to movement) is designed to mimic the behavior of control

loading in the actual aircraft. In these devices, control loading is

increased as simulated acceleration increases.
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. Simulator Motion Base Parameters (Headings--Table 3.)

Simulator-aircralt-mission; Locations. (As before.)

Notion-base type, manutacturer. (As before.)

Power source. For all devices in the survey which included a motion-

base, the power source is hydraulic. Although not in current widespread use,

electric servo motors have been used in some simulators for powering the

motion-base.

Actuators--number/length. For the hydraulic motion-base devices, the

number of actuators used and the extended ram length in inches is provided.

This information was obtained from Puig (1984).

Rotational d-o-f; Translational d-o-f. Under these column headings, the

degrees-of-freedom of movement inherent in the motion-base is specified with

their associated excursion distances and maximal acceleration parameters

(Puig, 1984). For the rotational motions, excursion envelopes are given in

degrees (deg) while maximal accelerations are given in degrees per second 2

(°/sec 2 ). For translation motions, excursion distances are given in inches

(in) while maximal accelerations are given in g's, where I g 32.16 feet per

second 2 .
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Simulator Cockpit Interior Systems (Headings--Table 4.)

Simulator-aircraft-mission; Locations. (As before.)

Cockpit controls. A listing of aircraft controls included in the simu-

lator is provided in this column. Where simulator flight controls are the

same as those in the actual aircraft, the entry "as in A/C" appears.

Flight control loading. Aspects of flight control loading and resistance

are specified in this column. Possible entries include force breakout (pre-

load), elastic resistance (spring-loading), stiction, sliding (mechanical)

friction, magnetic friction, hydraulic loading, viscous damping, and control

inertia.

Control deadspace/backlash. An estimation of the amount of deadspace or

backlash inherent in flight control manipulation is presented. This estimate

(provided by simulator instructor pilots and trainees) is intended to reflect

whether or not the control deadspace and/or backlash is representative, in a

subjective sense, of that in the actual aircraft.

Cockpit instrumentation. In all of the devices surveyed, the fundamental

flight-related instrumentation included is in direct correspondence with that

of the aircraft.

Head-up displays. In this column, if a head-up display is projected onto

the cockpit windscreen of the simulator, it is so indicated.

Audio systems. In these five columns, the aural feedback systems are

:;pecified for each simulator. The auditory displays are divided into:

mechanical systems noise, such as that due to engine operation, canopy actu-

ation, and weapons release; environment noise, such as turbulence, wind, and

weatler; runway noise, such as tire rumble and touchdown noise; communica-

tions noise, due to instructor-pilot conversation and radio interference; and,

emergency conditions noise, such as turbo-compressor stall, helicopter rotor

25
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problems, etc.

Cockpit temperature. Normal operating temperature maintained in each

simulator cockpit is specified in this column. Many of these temperature

ranges were obtained from Puig (1984) and verified by the flight instructors

at each site. However, it should be noted that in some cases, instructors and

students typically self-adjust cockpit temperature, so there is considerable

potential for variability in the tabled values and therefore, they should only

be considered as estimates.

N2
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Simulator Operating/Training Procedures (Hieadings--Table 5.)

Simulator-aircraft-mission; Locations. (As before.)

Part-task, whole flight. In this column, the training mission scope is

dichotomized into part-task and whole-fl:ght scenarios. Devices listed as

part-task are those which are primarily intended for training only a portion

of a flight mission, such as air-to-air combat maneuvering. Whole-flight

devices are those which include takeoff, aerial tasks, and landing capabil-

ities. Whole-flight devices may, of course, be considered part-task as well

in that they are not typically capable of, or used to, simulate all aspects of

a mission.

Procedures training. For the purposes of Table 5, procedures training

includes those aspects of the training scenario which complement the activ-

ities of takeoff, landing, or normal in-flight tasks. These include such pro-

cedures as preflight preparation, postflight shutdown, and emergency and mal-

function operations.

Takeoff/landing training. For whole-flight devices, the provisions and

settings (e.g., carrier, field, etc.) included in the simulation for takeoff/

landing training are specified in this column.

In-flight training. Aerial procedures and techniques which are typically

included in training sessions are indicated in this column for each simulator.

4hile the list of mission tasks is not exhaustive, it does include the major

aspects of in-flight training provided by flight instructors at each site.

Usual estimated mission intensity. Among the simulators surveyed, i

gross, relative estimate of the typical training mission intensity is pro-

Vid.'(d. 'his is based on estimates of intensity provided by flight instructors

and trainee, during the interviews.

SLsuaL longest mission. Again hased on tne responts obtained dirin. ;g

29
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interviews, an estimate of the longest training mission duration for each sim-

ulator is specified.

Situation freeze procedure. A training-related feature on certain simu-

lators allows the visual presentation to be frozen, or stopped at a given

instant in time, in front of the viewers' eyes. The scene is usually fixed at

the frozen position, whether or not it is at an off-horizon attitude, and if

the simulator is a moving-base type, the motion is usually stopped and nulled

at a level position during freeze. There have been numerous reports that the

use of freeze may be disquieting and produce ill effects in trainees

(McCauley, 1984). This column includes information regarding the freeze cap-

abilities of each simulator.

Situation siewing procedure. Another feature of certain simulators is

the ability to reset or fast-forward display presentation, jumping ahead or

back in time to a different point within a flight. When this occurs, miles of

visual information stream by the viewer in compressed time and this may result

in disorientation, eyestrain, and malaise. Visual slewing capabilities for

each simulator appear in this column, along with the observed practice of

whether or not trainees view the displays during slew. Some flight instruc-

tors, recognizing that slewing (and freeze) may influence trainee sickness,

suggest that they do not view the display during these periods.

Fli ,Iit instructor; Authority. Flight instructors for some simulator

facilities are civilians while others are ranking military personnel. The

type of instructor is given in this column along with a brief description of

the iov,tructors' responsibilities. lIt has been speculated that flight

V.. trainees operating tinder a military instructor who critiques their performance

may ne moure reluctant to relate feelings of discomfort than trainees under a

civilian instructor who otfers only suggestions and guidance. [rhis is the

3()
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reason tor including the instructor information in this column.

Lngress-egress; Visuals on-off. Ingress and egress systems for access to

the simulator cockpit are noted in this column. Some devices include a

retractable gantry walkway, accessible from an upper floor, which attaches to

the simulator cab, while others utilize a ladder stairway from the base level

of the simulator up to the cab. In dome-display devices, the aircrew must

enter the dome which fully encloses the cockpit and climb into the cockpit

from a catwalk. In some simulators, the visual scene is on during entry/exit,

while in others the scene is off or the display area is flooded with light.

Some trainees have indicated that entering or exiting a simulator with display

on is disorienting.

Do trainees view operating simulator? Certain simulators, such as the

dome-display devices are designed such that operation of the simulator is not

observable unless one is inside the dome. However, with most other simu-

lators, trainees who are waiting for their flight or who have completed their

flight, may sit and observe the simulator in operation from outside. This was

observed to be a common occurrence at most sites. Given this practice, it may

be the case that trainees learn how the simulator actually responds and what

to expect of its motion system when watching its performance externally. For

instance, trainees may become quite cognizant of the fact that simulator

motions in response to control inputs are greatly attenuated in comparison to

the actual aircraft, simply because the trainees have watched the cab in

operation. This could pre-bias their expectations regarding the simulator and

possibly affect their training benefit and predisposition for discomfort.

on the other hand, if trainees are prevented from viewing the simulator

ii ))eration, they may become suspicious of the training program. Further-

mre, it may be quite impractical to restrict trainees' view of the simulator

while they are waiting for their hop.
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Apparent and/or Reported Simulator Anomalies (Headings--Table 6.)

This table provides a brief listing of potential problems, anomalies, and

idiosyncracies specific to each sinulator which were noted during the inter-

views with simulator personnel. Some of these anomalies may impact the inci-

dence of simulator-induced sickness while others may not. However all

reported anomalies are noted in Table 6 to provide as much detail as possible

regarding potential simulator-induced sickness causes.

Simulator-aircraft-mission; Locations (As before.)

Anomalies columns. Reported anomalies occurring with the major simulator

subsystems are divided into four columns: visual system, motion-cuing system,

auditory system, and control system.

Extraneous noise. Audible simulator-produced noises which are not an

intended auditory cue are listed in this column.

Other anomalies. Simulator problems which do not lend themselves to

categorization under the above column headings are listed in this column.

Cockpit temperatures. While recommended cockpit operating temperatures

are specified in Table 4, specific comments about actual cockpit temperature

from instructors and trainees are included in this column.

Reported simulator sensitivity. For each device, flight instructors and

trainees were queried regarding how the simulator's control-response sensitiv-

ity compares with that of the actual aircraft. The consensus of the subjec-

tive assessments of this relationship is included in this column.

Reported simulator lags/delays. Under this heading, subjective instruc-

tor and trainee reports of simulator control-response phasing differences with

those of the actual aircraft are included. It was not possible to specify the

nature of the delay (e.g., transport, exponential lag, etc.--see Volume I;

Casali, 1986) but only to ask experienced users whether the update in the

38



simulator's feedback system response to control inputs took noticeably Longer

than actual. aircraft responses.
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Sirmilator-Induced Sickness/Aftereftects (Headings--Table I.)

Simulator-aircratt-mission; Locations. (As before.)

Kennedy et al. incidence. As previously discussed, the percentage of

trainees experiencing symptoms of simulator-induced sickness in several mili-

tary flight simulators has been reported by Kennedy, Dutton, Ricard, and FranK

(1984). This data is presented in 'fable 7 for each simulator for which it was

available, as indicated by an asterisk beside the specit ic simulator l,,,itinn.

(The reader is referred to Kennedy, Dutton et al. (1984) for a description or

the protocol used in the sickness incidence survey along with criterion

measures of sickness state.) Other simulators, such as the 2E6, have been

surveyed by different authors and their percentage of sickness incidence is

referenced to that effect. In still other cases, only anecdotal sickness

information and percentage estimates were available from those flight instruc-

tors using the devices on a daily basis. These are indicated by a # super-

script in the table.

Crewmember susceptibility. It has been well-documented that susceptinil-

ity to simulator-induced sickness may largely be a function of the aircrew

7emobe r's position in the simulator cockpit. This is thought to res;ult tr)m

differences in display viewing perspectives (e.g., see device 2F87F in rahle

i; \ulume i, Casali, 1966), differences in body position with respect to the

centr-of-motion of the simulator, and differences between flight control

responsibilities, among others. In this column, if there exists more than ono

crew station in the simulator cookpit, susceptibility differences bv stat ion

:s presented, based on the interview results and available literatkire dwie'-

tat ioil.

Pilot experience factor. Most available evidence poilltS toa the conChi-

S ion that more experienced pilots (i.e., ,,xpe r i eri d wit h the0 at i

43
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aircraft) are more susceptible to simulator-induced sickness. Wherever pos-

sible, anecdotal evidence for the relationship of sickness to experience level

is presented in this column for each simulator.

Flight duration factor. Where information was available, the relation-

ship of sickness incidence to flight length is specified in this column.

Again, most of this information was obtained during simulator site interviews

with flight instructors.

Flight situation factor. Certain flight scenarios (e.g., low altitude

tlight), simulator operating configurations (e.g., with motion off), and

maneuvers (e.g., flat spins) may be associated with heightened provocation of

simulator-induced sickness. For each simulator, based on the interview data,

the most provocative situations are specified in the table.

Workload/stress factor. Based on interviews with instructors, the

- observed relationship between incident workload level and trainee sickness in

. the simulator is indicated in this column.

Trainees' predisposition knowledge. In some cases, trainees have been

k~iown to di scuss their simulator experiences with others, perhaps pre-biasing

naive' traiwees' tendencies toward simulator-induced sickness. This is often

unavoidable. Uccasionally a simulator may develop a reputation for inducing

sickness and therefore may be tagged as an undesirable training experience.

Ln other instances, peer pressure and self-induced competition among flight

S' trainees my dissuade them from discussing their bouts of simulator-induced

sickness with others. These and similar trends are noted for each simulator,

.- based on the information obtained during the site interviews.

,n-:;.mulator and residual symptoms. Symptoms reported by trainees during

and following simulator flights are specified in this column. Typical simu-

lator *;icknLess symptomatology includes disorientation, dizziness, headache,

pallor, burping, nausea, emesis, fatigue, and visual dysfunction.
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Aftereffect symptoms. F tlowing the use of some simulators, dolayed

aftereffects and flashbacks to the simulator experience have been reported by

a limited number of trainees (e.g., Kellogg, Castore, and Coward, 196U; seo

also Volume I, Casali, 1986). Some aftereffects are in the form of discomforL

symptoms (e.g., headaches), while others have entailed perceptual illusions,

such as inversion of the visual field. For those simulators surveyed, anec-

dotal information regarding aftereffects reported by trainees and flight

instructors is presented in Table 7.

Countermeasures presently used. In an eftort to aLleviate discomfort in

, some devices, certain countermeasures have been adapted by instructors and

operating personnel; these are reviewed in Volume I of this report (Casali,

J." 198o). Specific operating procedures and countermeasures which were observed

to be used in the surveyed devices are reported in this column.

other potential problems. This column contains anecdotal information on

simulator-induced sickness occurrence which does not fit under the other head-

igs in TabLe 7.

,.4
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Analysis of Simulator Characteristics Tables

The seven simulator characteristics tables are primarily intended to be

used as reference material. The tables have utility for comparing and con-

trasting existing Naval flight simulators with respect to their design and

procedural characteristics and penchant for inducing pilot and crew sickness.

In particular, a perusal of Table 6 on simulator anomalies and Table 7 on sim-

ulator sickness and aftereffects reveals a number of factors which may impact

simulator-induced sickness. Furthermore, by comparing the sickness incidence

rates (percentages) in Table 7, it becomes clear that the simulators sampled

vary greatly in their tendency to induce operator discomfort.

Because the information in Tables 1-7 covers a broad spectrum of design

and usage characteristics among flight trainees, most of which are not quanti-

f., , fiable, the tables are perhaps best utilized through visual scrutiny alone. A

rigorous statistical analysis to determine which specific factors are associ-

ated with higher incidences of sickness was not possible because of the

limited number of observations (low statistical power), qualitative nature of

:inv simulat)r characteristics (nonquantifiable independent variables), lack

of sickness incidence data on certain simulators (missing dependent variable

datA), 1,,'K of simulator characteristics information on certain simulators

(missi:ig independent variable data), potential of interaction among character-

istics, and somewhat imprecise nature of the available dependent measure

.. " .*(which was percentage incidence of sickness).

However, it was possible to undertake a simple regression approach to

:jscertai: the association between certain isolated characteristics and the

inci,,incu ot operator sickness for some of the simulators surveyed. Percent-

age sickness incidence data and certain simulator characteristic information

wert, itL ivijlable for some of the simulators. Therefore, only those devices

for which estimates of sickness incidence data were available from Kennedy,
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Dutton et a. (a I4), McGuinness et al. (198 ), or in two cases trom tht- si te

surveys (see Tfble 7) were included in the analysis. Again, it sh,ald he

noted that these incidence data are only estimates, and conclusions should be

drawn from them in a judicious manner.

Information included in analysis. Based on the available sickness inci-

dence data, the following eight simulators from Table 7 were included in the

regression analysis (% sickness estimate in parentheses): 2Eo Oceana (27),

2F110-Mliramar (49), 2FI12-Oceana (20), 2F112-Miramar (16), 2F106-Norfolk (15),

2FIU6-North Island (13), 2FI17-New River (29), 2F121-New River (36).

Several simulator characteristics from Tables 1-7 were selected for

inclusion as independent variables in the regression analyses. These vari-

ables were selected on the basis that they were complete for all simulators

(no missing data), and that they were of a form amenable for use as a regres-

sion variable. Some characteristics, such as situation freeze (Table 5), were

[not analyzed because only one level of the variable existed in the sample

(i.e., a[l eight simulators had some form of situation freeze capability).

Similarly, most of the quantifiable motion base parameters (e.g., excursions,

iccel rition capabilities, etc., from Table 3) were identical for all eight

devices, and therefore were not analyzed.

.ingle-variable regression analyses. For the simulator characteristics

'hin ,ere found to be appropriate for analysis, simple one-variable linear

regresion analyses were performed on each characteristic. Several types ot

information were available from these analyses for each simulator character-

istic. First, tle linear regression equations were calculated using each sin-

,ilator characteristic as a regressor. Therefore, for equations which were

L. provide a good prediction model, the expected value of percentage

ickness iniidence (PSI) could ,ne predicted knowing the value of the x

4 7,
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(simulator characteristic) variable. An F-test with associated p-value was

then performed on the regression model to determine if the slope of the

regression line was significantly different from zero (using a P < 0.05 cut-

off), that is, if simulator sickness could be reliably predicted knowing the

value of the simulator characteristic. Next, the r2 (coefficient of determi-

' nation) values were computed, to indicate the proportion of total variance in

PSI that could be explained by the simulator characteristic variable. And for

the one-variable regressions, the Pearson product-moment r correlation coeffi-

cient was computed to determine the direction and strength of relationship

between PSI and each selected simulator characteristic. The results of the

single-variable simple linear regression analyses are shown in Table 8. For

each simulator characteristic included in the table, the table numbers (from

%V..

the sinulator survey for Tables 1, 3, or 5) which address that particular sim-

ulator characteristic are provided in the first column of Table 8. When using

Table 8, the reader is referred to these previous tables for more information

on each simulator characteristic.

Due to the small sample size (eight simulators), the potential for inter-

activ- effects; among simulator characteristics, and to the fact that only a

'V few characteristics were represented enough to be amenable to analysis, the

results of the regression analysis are somewhat tenuous. Furthermore, because

it was necessary to perform multiple F-tests (one on each regression), the

<- ( U.U5 cutoff criterion for statistical significance must be considered in

light ot the number of separate tests run. It is clear from Table 8, however,

that nased on the obtained sample of simulators, few simulator design and

usage characteristics exhibited a strong relationship with simulator-induced

sickness as measured by the PSI. The only variable to approach statistical-

signiicance was that of flight mission duration, where longer flight periods

48
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Table 8. Results of Single-Variable Linear Regression Analyzes Using Simulator
Characteristics as Regressors; Data for Eight Simulators.

Table
rrn1-7 Simulator Characteristic r2  r Regression Equation
reference (Regression) _ + PSI=bx

1 Horizontal field-of-view .067 -.259 NS =

(degrees) not significant

1 Vertical field-of-view
(degrees) .085 -.291 NS

1 Display viewing distance (feet) .105 -.324 NS

1 Scene contrast (rated lIlow, .097 .311 NS

2-med, 3-high)

I Within-scene motion (0=1 to .097 .311 NS

5 dof, 1-6 dof)

1 Scene detail (rated lilow, .147 .384 NS

2-med, 3=high)

1 Image generation system (Opoint-I .097 .311 NS
light, I=CGI)

I Display medium (O-dome or screen, .097 .311 NS

I- optics)

% 3 Motion-base (0-fixed-base, .097 .311 NS

1-moving-base)

5 Simulator task (O=part-task,

1-whole flight) .002 -.045 NS

5 Mission intensity (rated 1=low, .119 .344 NS
2-medium, 3-high)

5 Mission duration (hours) .473 .688* PSI=21.23x-9.54**

5 Use of reset/slewing (O=not used, .097 -.311 NS
1-used)

5 Trainee allowed external view .097 .311 NS
(O=no, 1-yes)

5 Flight instructor (O=civilian, .000 .000 NS
1-military)

* e. rson product-moment correlation coefficient is statistically-significant

using a t-test with 6 df and p < 0.05 cutoff criterion (see text).
S** lope of regression line is significantly different from 0 using an F-test

A with 1,6 df and p < 0.05 cutoff criterion (see text).
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were associated with higher sickness incidence rates and 47% of the variance.

in PSI was accounted for by mission duration.

interestingly, wide field-of-view devices displayed an inverse relation-

ship (albeit a weak one) with PSi for this sample, which is contrary to pre-

vious hypotheses. However, it should be noted that all eight simulators in

the sample had wide field-of-view visual presentations, the most narrow being

I19 degrees in the 2FI10. Furthermore, the high level of scene detail and

depicted notion in the CGI system of the 2FI10 could have possibly accounted

for its greater tendency (49%) to induce sickness than some of the wider dis-

play devices, such as the 2E6 (27% sickness), with more impoverished scene

w,ontent. (This illustrates the potential danger of considering certain simu-

IiLor characteristics, such as field-of-view, in isolation.)

A weak positive relationship (r = 0.384) was found between the level of

,cene detail and PSI as well as between scene contrast rating and PSI

(r =.311), though neither approached statistical-significance. Other vari-

ables which exhibited low (though not significant) positive correlations with

sickncs. incidence included within-scene motion (6 d-o-f displays associated

wi th ,reater sickness than displays with less d-o-f, e.g., as in the 2E6),

m 1aNcc .e ,erition system (CG[ associated with more sickness than point-light;

( r v , L r Tr s2ited in smple), display medium (CRT infinity optics associ-

ated wiL i more- discomfort than prcojection dome), motion-base (moving-base

assoc ited with sli htly more di scomtort than fixed-base), and mission inten-

sity (i h. r mission inte isitv, esleciaily that with associated complex kine-

a,;it'c-, ;,;ciated with higher discomtort levels). Again, these trends should

?lIy b, we re'd in the context o this (mple Af simulators. That i , the

r- tI,'a i, hip-; wit simulator-induced S c~nuss percentage incidence were not

stati-, icil IYv-rolialble in most cases, nor were the proportion of dep ndent

5')
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measure variances accounted for high. A larger or different sample ,t ;imu-

Lators certainly may yield conflicting results.

Multi-variable regression analyses. Utilizing ali possible combinations

of tihe simulator characteristic variables shown in Table 8, two and three

variable IuLttiple regression analyses were performed on the data. These

analyses were aimed at determining which combination of variables accounted

for most of the variance in percentage sickness incidence. The results of

only tie significant (p<0. 0 5 ) two and three-variable regressions are shown in

'table 9. Again, the results from these analyses should be interpreted with

caution, as they arc based on only eight observations and due to tie nulL i -

plicitv of tests, the p < 0.05 value should be considered as high. As can be

seen from the significant three-variable regressions, the combinations of

horizontal field-of-view with external view and mission duration, as well :s

horizontal field-of-view with image generation system type and level of scene

detail, accounted for a large portion of the total variance in percentave

4ici;iess incidence. Again, mission duration was revealed to be posi. Livetv

relatec: to sinulaitar-induced sickness, in this case in combination with the

;ir*_-t.isk/Whole L ligot variable. .No other combinations of variables trom

4.-, ,revealedt signiticant re.Tression prediction equations for the la t.

al red:iining two--variable regression analyses yielded r2 values less ti ,,,

.*, and p-values greater than 0.17. (These were the values tor the conhi-

nat ion of horizontal field-of-view and mission Jurat ion.) AIL remi i i

t ree-variable regression analyses yielded r 2 valu in less than O. ;1 ,n i-

I .s zreater than U.lb. (These were for the COibilatILot of Crete iet,

:Lert view, and mission duration.)
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Table ). Resulhs of Two- and Three-Variable Linear Regression Analyses Using

Simulator Characteristics as Regressors. Data tor Eight Simulators;
Significant Regressions Only.

* Simulator Characteristics* r2  Regression Equation

Simulator task (ST)/Mission .923 PSI = -31.27(ST) + 39.6(MD) - 12.6**
duration (MD)

Horizontal field-of-view (HV)/ .966 PSI = 0.51(HV) + 102.25(EV)
Trainee allowed external + 185.48(MD) - 440.7***
view (EV)/Mission duration

(MD)

Horizontal field-of-view (hV)/ .917 PSI = -7(HV) - 1859.5(IG)
Image generation system + 410.50(SD) + 2060.5***
(IG)/Scene detail(SD)

* Refer to 'fable 8 for description of simulator characteristic variable

levels.
** Slope of regression line is significantly different from 0 using an F-test

with 2,5 df and p < 0.05 cutoff criterion (see text)
** Slope of regression line is significantly different from 0 using an F-test

with 3,4 df and p < 0.05 cutoff criterion (see text).
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SIMULAToK DESIGN AND PROCEi)URAL CtIARACT1I'KtI.ICS FOR SUDY

Organization of Table 10--Specific Characteristics with PotentLaL tor

Sickness-Provocation

Based on the information from analyses of the simulator site surveys

(Tables 1-7) and the review of the literature and documentation on simulator

sickness, a listing of simulator design and procedural characteristics with

potential for influencing simulator-induced sickness was devised. This list-

ing which appears in Table 10, includes those design and procedural factors

which either appear to have some potential to, or have been demonstrated to

influence the occurrence of simulator operator/passenger discomfort. The

listing of factors is organized under the main headings of visual system fac-

tors, motion-cuing system factors, dynamic control loop factors, cockpit

environment factors, and operational procedures. (The reader is referred to

Casali, 1986, Volume I of this report, for a literature overview of factors

under each main heading to be used in conjunction with the tabular entries

shown in Table 10.) For each factor listed in Table 10, three types of corre-

sponding information are given under the following columnar headings.

Associated simulator sickness references. For each potential simulator

d or procedural factor, a listing of references is given in this column.

( eterences are coded by numbers which correspond to the numbered bibliographic

,.'r,-rre> at the end of this report. If a reference number is listed for a par-

t1clfar factor, it indicates that there is mention, discussion, implication,

or investigation of that factor's potential contributory role in simulator-

induced sickness in the particular reference document. For further inforrna-

tion ertaining to that factor, one may consult the references listed anf/,)r

reter to the overview information tor most of the re[erences contained in

V,)iume f of this report (Gasali, 1986). Also, if I particular factor wt,

1. .
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found in one or more simulators which were included in the site surveys, as

discovered either by direct observation or from personnel interviews, it is so

designated by "SS" (simulator survey) in Table 10. To determine the exact

occurrence of the design or procedural factor, one may again refer to Tables

1-7.

Priority for research rating. The second column in Table 10 constitutes

.1 research priority rating, based on the judgment of the research team and

assigned to each potential factor. This represents an attempt to prioritize

*the potential etiological factors on the basis of their need for research

attention. It does not take into account the feasibility of the factors for

research, which is separately rated in the third column. The priority rating

is comprised ot a dual (number/letter) rating scheme. The numerical score is

simply a 3-point (1 = highest potential; 3 = least potential) rating value

assigned to each design and procedural factor, which indicates the relative

potential of the factor to contribute to simulator-induced sickness. The let-

ter (A,B) assignment indicaces whether the design factor represents: A--a

s, s-nificant simulator design question in that primarily hardware changes are

i:mplicited, or B--an "adjustment" question where calibration, maintenance,

sorLirc nmodification, or procedural changes are implicated. The assigned

rati-igs were arrived at through a review of the collective literature results,

the sLtuilator site survey, personal experience with research on simulator-

inducei sickness, and whenever possible, discussions with simulator users and

desirners. Because relatively little is known about the true etiology of

simiul;Uor-induced sickness, it was necessary for the research team to rely on

per.,)ial iudgment and expert opinion for these ratings. While they are not

intenied to be taken in the absolute sense, the ratings may hopefully prove

useful in selecting variables for initial studies on simulator-induced sick-

ness. Again it should be kept in mind that many factors may only exhibit

S *- 54
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potential for inducing simulator-induced sickness through interc t ion wirh

other tactors. Therefore, one must exercise caution in addressing them, in

isolation in any single study.

The numerical portion of the priority rating scheme is as follows:

1. Factor appears to have strong potential for contributin; to

simulator-induced sickness.

2. Factor appears to have moderate potential for contributing to

simulator-induced sickness.

3. Factor appears to have little potential for contributing to

simulator-induced sickness.

This priority letter/number rating scheme is again summarized in Table

10a. It should be noted that in some instances, factors with a high priority

and a B rating may not be among the most important to investigate in initial

studies of simulator-induced sickness. Such factors may not have direct bear-

ing on simulator design changes but simply may be eliminated by straight-

forward adjustments or procedural changes. Therefore, though some procedural

factors may have more potential for inducing sickness than some design or

adjustment factors, they may not warrant research attention over these latter

factors. For instance, the use of visual scene freeze (stop-action) is known

to hav strong potential (rating of 1) for contributing to simulator-induced

discomfort. However, its use may be eliminated, minimized, or trainees may ho

siaply w-irned prior to its initiation to avoid the effect. Therefor,, it pro-

bably does not warrant a great deal of research attention. On the other hand,

a factor such as that encompassing the motion-base washout design parameters

( .. , time constant, magnitude scaling, etc.) also has a high potentiIl (rat-

ri. ol I) for inducing discomfort if improperly specified (e.g. , Sinacori,

ii . This factor also is rated B because it is largely subject to toning or

idjust-.ent ot the motion drive logic, prefilters, and software controlling the

notion base. Unlike the freeze factor, however, it seems critical that th

- -$. --- : --.- -
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washout design parameters receive research attention because the tuning pro-

cedure is not so straightforward. There is a definite need for accurately

specifying acceptable ranges of these parameters to guard against their influ-

ence on simulator-induced sickness. Hopefully, these examples illustrate some

of the difficulties encountered in prioritizing simulator factors for

research.

The ratings proposed in Table 10 represent a first attempt at targeting

important factors for study. One must carefully consider each factor, its

potential interaction with other factors, and its ramifications for simulator

hardware design, adjustment, or operating procedures before selecting a set of

factors for assessment in a simulator.

Feasibility for research rating. The third column in Table 10 includes a

dual (number/letter) feasibility for research rating for each factor. Again,

this rating was assigned on the judgment of the research team and was based on

til obtained information for each factor from the literature and simulator

site !Irveys. The numerical (3-point) portion of the rating is essentially

comprised of the appareni amenability of each factor to sinulator-based

research investigation, given current simulator technology. Factors which

have hitch feasibility for research must be manipulable and controllable so

that Lhe effects of different factor levels on selected dependent variables

can be ascertained. For the letter portion of the rating, it was assumed that

a research facility designed for and dedicated to the study of simulator-

induced sickness could be constructed. (Suggested requirements for such a

simulator fauility are specified in the "Simulator-Sickness Research Facility"

sect ioi ot this report.) Those design factors in Table [o which appeared to

best lend themselves to investigation using such a "specialized" facility were

a'si<-,ed t, the second (B) level of feasibility. Design factors which

5t)n
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eiilibited good potiential for investigation using an existing- trainin) or

research simulator, or a combination of simulators, were assigned to the first

9A) level of feasibility. Although the latter approach (using existing sinu-

Iators) may have capital investment cost advantages over a specialized

tfcility, the problems of experimental control, dependent measure availabil-

ity, simulator scheduling, etc. may outweigh the lack of an initial invest-

ment. Such tradeoffs are discussed more fully in the final section of this

report. The 3-point rating scheme for the feasibility for research rating is

as follows:

1. Factor appears highly feasible for simulator-based research
investigation and independent variable levels appear to be

manipulable with minimum difficulty.

2. Factor appears moderately feasible for simulator-based

research investigation and independent variable levels
appear to be manipulable with some difficulty.

3. Factor exhibits low feasibility for simulator-based

research investigation and independent variable levels
appear to be difficult to manipulate.

Ehe reasibility rating scheme is also summarized in Table 10a.

J5
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Table la. Key to Priority/Feasibility for Research Ratings Used in Table 10.

Priority Rating

I =.strong apparent potential for contributing to (or relation with) simulator
sickness

2= moderate apparent potential for contributing to (or relation with) simulator
-* sickness

3 = little apparent potential for contributing to (or relation with) simulator

sickness

A = simulator hardware changes are implicated

B = little or no hardware changes are implicated; only software modification,

calibration, adjustment, or procedural changes

(Note: In some cases A and B may be used together to indicate possibility of
hardware change in conjunction with adjustment or programming modifications.)

Feasibility Rating

I = apparent high feasibility for simulator-based investigation

2 = apparent moderate feasibility for simulator-based investigation

3 apparent low feasibility for simulator-based investigation

A = appears best amenable to investigation using existing simulator(s)

B = appears nost amenable to investigation using research simulator facility
specifically designed for and dedicated to sickness research

58
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Table 10. Simulator Design and Procedural Characteristics with Potential for
Influencing Operator Sickness.*

Associated Priority Feasibility
Simulator- for for
Sickness Research Research

Simulator Design Factor References** FRati!nj -  Rating_

Visual System

Optometric distortion:{

observer-display focal length 4,19,25,301,34,44V50,-52 1A IB
biocular vs. binocular optics 25,30,44,52164,SS 2A 2B
off-axis perspective & parallax 14,16,19,30,34,40,44,45, IA IA

64,SS
lensing effects & magnification 2,24,25,27,30,34,40,44, 2A 1B

45,50,51,SS
projection screen distortion 1,4,25,34,44,45,50,51,61, 2A 3B

SS _

movement fromoperator design 14,16,19,25,3 0,-34,40,44, 1A 1A
envelope 45,64,SS

Temporal and related problems:
display flicker/refresh rate 1,19 ,34 40 50 51,52 -2 - 2B
image smearing (phosphor 34,40,52,SS 3A 2B
persistence)

image swimming (with head 40,52,SS 2B 2B
movement )

priority (image bleed-through) SS ..... _ 3B 2B
shadowing (ghosting) SS 3B 2B
double-imaging -25,40,44,SS 2B 2B
display content update lags .1,34,40,52,54 lB lB
image jitter (sampling problem) 50,51,SS 2B 3B

Display imaging technlqu e: 11,2,3,30,34,35,40,41,61,641 2A 2A
(e.g., raster CRT, calligraphic
CRT, TV projection, transparency I

_ rejecti on) .. . ...........

Infinity view perspective: _ _____________________ _______ IA_2 _

viewing distance 1,4,25,30,34,40,41,44,45, A 28
• _ _ _ _ 50,51,52,53p64

propr a'e--ollimat'ion 19 24,25,30,40,41,64,SS 1A IB
inappropriate not-at- cues (e.g., 1,24,25,44,45,50,64,SS 2B IA
. display edges, visible raster) - ------
vanishing point 444,45,50 2B 1A

Scene luminqnce lovnl (affecting 1,30,34,35,41,52,SS 28 1A
pupillary dilation & spherical

aberr~it ion thereof) -

2!. * See Table 1la for key to rat ings used.
•* SS denotes that the factor was noted during the simulator site surveys, so

indIcated in Tables 1-7.
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Fable 10. Simulator Design and Procedural Characteristics with Potential for

influencing Operator Sickness.* (Continued)

Associated IPrioritylFeasibility
Simulator- for for
Sickness Research Research

Simulator 2 ) Factor References** Ratin Ratiniz

Visual System (Continued)

Field-of-view and display content:

field-of-view 1,2,15,16,17,27,30,33,34, IA 1B
35,39,40,41,47,50,51,52,

53,55,58,61 ,SS

display detail level 1,16,25,28,30,34,39,40,41, IA,B IA
44,45,50,51,52,57,58,SS

scene texturing level 40,SS 2AB IA

object static/dynamic geometric 1,25,34,40,44,45,50,51,52, IA,B 2B

distortion 641SS

Sbject/scene realism 4,13,25,40,44,45 53,57,SS 2A,B 2B

V4sually-implied motion:
phasing factors (leads, lags) 1,16,25,33,34,35,40,41,44 IA,B IA,B

45,50,51,52,54,57,58,64,
SS

gain factors (magnitude scaling) 34,40,45,50,52,57,58,SS 2B 2APB
visual vection level (e.g., 13,15,16,24,27,28,34,39, IB 2B

progression effects) 40,41,49,50,51,52,53,57j58,SS

degrees-of-freedom represented 13,40.,52)57,58,SS(2E6) IA 2A,B

* IDisplay anwiaLies: _

light leakage at display edges 53,SS 3B IA
display discontinuities 14,19,24,25,41,44PSS 2B IA

misalignment (e.g., displacement, 19,24,25,SS 2B IA
chromninance)

display vibration (affecting 1,34,44,50,51,52 2B 2A

accommodation)

[Design parameters:
resolution 1,4,24,25,30,34,40,44,45 2A IB
_____50,51 152p57,SS

contrast (e.g., luminance, 24,30,44,45,50,51,52,SS 2A LB

chrominance)
modulation transfer function !30 2A lB

* See YaoLe HI a tor key to ratings used.

S* S denot,,, that the f-ctor was noted during the simulator site surveys, so

indicated in 'ables 1-7.
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Table [U. Simulator Design and Procedural Characteristics with Potential for
Influencing Operator Sickness.* (Continued)

Associated Priority Feasibi litv
Simulator- for for
Sickness Research Research

(%14Simulator Des is Factor References* Ratin . Ratin

Motion Cuing System

Motion platform: __

fixed-base/moving-base 1,2,3,4,13,15,16,23,24,25, IA IA

27,28,35,40,41,42,44,45,

49,50)51,52,55,56,57 ,58,SS _ _ _

degrees-of-freedom represented 4,7,12,27,40,47,50,52,56, IA IA

58,SS _

excursion & acceleration envelope 23,24,36,40,47,50,52,56, IA 2B
58,SS

frequency bandwidth capabilities 24,36,40$50)52P58 IA LB
phasing factors (leads, lags) 7,12,16,24,33,34,35,40,41, IA,B LA,B

47a50,52,57,58,64,SS
gain factors (magnitude scaling) 7,12,24,27,34,40,47,50,52, F A,B 2A,B

57,58,SS
washout design parameters (e.g., 34,36,40,47,50,52,58 IB IB

time constant)

spectral characteristics (e.g., 20,24,27,33,34,40,46,48,52 IA, B IB
problematic vertical 0.2-0.4 Hz)

tilt cuing of pure linear 4,6,7,12,27,40,52,58 IA IA,B

accelerations _

parasitic motion & axis coupling 52ISS 2A 2B

reverse positional cuing (see Vol. SS 2A,B 2B.
I, p. 57) " _ _ _I

motion nulling return rate 50,58 2AB IB
veihicle center-of-motion location 4,27 LA,B IB
hydrauLic hump/shudder SS 3B 3A
motion drive stiction effects SS 3A 3A

Enhai :u rt cuing:

vibration & buffet 1,2,3,34,40,52 2B IA

g-seat 40,47,50,52,SS (not used) LA 2A
g-suit 13,17,40,52,SS (not used) 2A 2A
restraint belt tensioning 13,17,40,SS (not used) 3A 2A
helmet loading 40 3A --

g-deperident display dimming (gray- 52,SS 3B 2A
out)

g-dependent control loading 52,SS 3A,B 2A

* S , lihLe lUa for key to ratings used.

** SS denotes that the factor was noted during the simulator site iurveys, :
2ii:ated in Tables 1-7.
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['able It). Simulator Design nd Procedural Characteristics with Potential tor
Influencing Operator Sickness.* (Continued)

Associated Priority Feasibility

V Simulator- for for

Sickness Research Research
Simulator Design Factor References** Ratin z R.ti

Dynamic Control Loop Factors

System delays/Lags:
input-to-output transport delay 1,7,12,20,25,34,35,40,44, IA,B i  IB

45,50,52,53,54,64,SS

exponential and second-order lags 16,20,35,40,44,45,52,SS IA,B I  2B
phasing between visual and motion 7,12,16,20,24,33,34,35,40, IA,B IA,B

update 50,52 ,58, 4

Vehicle modeling & computation:
vehicle dynamics math model 40,44,52,SS 2B 2B

vaL div
vehicle dynamics software fidelity 24,40,52,SS 2B 2B

model output sampling rates 52 IBI  2B
model output scaling factor 7,12,52,58 2B IA,B
resolution of dynamics variables 28 LB

during D/A, A/D conversions (if
inadequate quantization, non-
continuous response may result)

other dynamic manual control
tactors:_______________ _____ ___ ___

)ntrol input sampling rates 52 IBI 2B
control input scaling factor 24,44,52157,58 2B 2A,B
control stick damping (influencing 44*,45*,52,57,58,SS IA,B 1B

control resistance simulation 44,50,52,SS 2A 2B

,'accuracy (elastic, breakout,
sticVion, sliding friction,

viscous friction, inertia, etc.)
control deadspace & backlash SS 2A,B LB

fidelity I

See Fable 10a for key to ratings used.

** SS denotes that the factor was noted during the simulator site surveys, so
indicatel in Tables 1-7.
Affect total throughput delay.
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fable It. Simulator Design and Procedural Characteristics with Potential tor
Influencing Operator Sickness.* (Continued)

Associated Pr i ori ty 1 F'Si i t,'

Simulator- for I tor
Sickness Researchl Rcsearc1i

Simulator Design Factor References** Rat i TI Rati v
Operational Procedures

Design-dependent procedures: j
situational treeze (sudden stop- 13,15,17,18,20,26,40,41, 1i IA

action) 44,47,50,51,52,57 ,SS __

situational slewing (rapid reset 13,20,40,41,50,51,52,57, 18 i IA
ot visuals) 58,SS

scene presentation during entry/ 13,17,20,2t3,40,47,50,51,SS 2B [ IA
exit I

use/non-use of motion system 16,23,24,27,40,42,47,50, 18 IA.
_ _ _ _ _ _ _ 51,55,5b,57,SS 

complexity of kinematics 113,15,24,28,32,40,41,44,- IA IA
capabilities [ 45,47,53,57,SS I

aircrew/passenger position in 14,16,19,3U,4o,41,44,45, IA IA

cockpit 50,51,53,64pSS _

Lser/scenario-dependent procedures: _
mission duration 1 -I_0__, _,_B 1A

40,41,44,45,SS

rission-related vorkload 2 4 ,2 8 ,3 2 ,3 4 ,4 0 ,4 1,SS 2B iA
kinematics, turbulence, etc. 15,20,24,25,27,28,32,34, IB 1A

intensity 35,40,41,44,45,47,53,
57,58PSs

trainee allowed external view SS 3B IA

trainee predisposition (e.g., 3,7,25,28,30,33,34,35,40, 38 3A
discussion with others, pre- 41, 4 4,45,47,53,o4,SS

simulator activity) K I
adaptation/habituation effects I5,17,24,25,25,32, 3,35, A2 LA

I 40,41,44,45,47,50,51,SS
;iCkTeSS greater with experienced I I,20,25,28, 10,32, 13,34, 2B I.

0iiL)t S, drivers !4U,41,44,45,4i,' o,bS

__ ______ 56,SS ~I

C,,ckpi__ Environment I

Coctpit control!/ instrument layout 3A 2l

Anditorv cue localization
'orientation effect) t,52,SS 3A I l1

ncl, -ire, claustrophobic influences /,12,25,33,4o 2A 1 BUI

"emuriwr & humidity regulation J52,SS 2A , IA
/\i .xchan,,e (avoidance of CO, A, 2A

JI,'umo Iat ion) ___

* ,c . ib 1 i :or key to rat in, s used.

-* - ,, I t' es I , I.it tlle tactor was not etl u in m i t i]li1t r i , ;i rvo,vs,
41.4 i 'd-,idi at, I in 11 'aI iCs l-I.
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Dependent Measures for Assessing Simulator Sickness

[t is clear that the effects of simulator-induced sickness may be mani-

fested via a variety of signs and symptoms (see also Volume 1, Casali, 1986),

and that the selection of valid dependent measures for study of the problem

must be made with care. As such, a partial listing of possible metrics, asso-

ciated data collection strategies, and pertinent reference listings, is pro-

vided in Table 11. The metrics are divided into six categories, and one

should carefully consider the use of dependent measures from each category

when designing a test battery for studying simulator-induced sickness. The

importance of recognizing the polysymptomatic nature of the simulator-induced

sickness state has been well-demonstrated in the research of Kennedy and

others (e.g., Kennedy, Dutton, Ricard, and Frank, 1984).

In addition to its impact on trainees' or subjects' physiologic state

(indicated by self-report, bodily instrumentation, or direct observation),

simulator-induced sickness may influence in-simulator performance as well as

post-simulator behavior and ataxia. Therefore, the measurement of such vari-

Lr as vehicle path control performance, cognitive processing performance,

ncd postural equilibrium may help reflect the extent of simulator effects.

Furtnerrnore, several metrics have some promise for predicting an individual's

susceptinili ty to simulator-induced sickness, based on past motion sickness

experiences and perceptual style. These are also noted in Table It, along

with related references.

64
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*'I aLe I i Potential Dependent Measures for Use in KRtearch on
Simu Lator-induced Sickness.

SELF-REPORT MEASURES

lo.s -simulator symptomato Logy/"motion sickness" questionnaires
(e.g., see ref. 7, 25*, 32*, '35*, 41, 53, 55, 01, 6 -)

1' ust-.-,imulator interview

INSTRIIENTEDL) OR OBSERVED
MdYSIOLOGIC SYMPTOMATOLOGY MEASURES

Cardiovascular activity (e.g., heart/pulse rate, cardiac waveform, btod viuhini

changes )

--cardiotachometer, plethysmography (photoelectric, impedance, strain
gauge), palpation, electrocardiography, phonocardiography,
vectorcardiography

Blood pressure
--sphygmomanometer, polygraph with pressure transducer, catheterization,

polse wave transit time measurement using elect rocardiogram

Respiratory activity (e.g., breathing rate, tidal depth)
-- thermistor air temperature measurement, thorax impedance (chest

electrodes), chest strain gauge, air pressure pneumography, spirometry,
gas component analysis, capacitive-coupling movement transduction (rer.

tcrodctmuie; activitv (e.g. , galvanic skin response, skin conductance and skin
poonti:iK, ,rofuse ,weating--esp. volar and forehead)

--- surface electrodes and polygraph, direct observation

..,.rktu. ((sip. tdcial)

--- irt ace tnermistor, oral thermometer

}',i a r

-- transmissIvity plethysmography (ref. 12), direct observation

Aatro[itLe,LInai motility (amplitude and frequency measurement)

--olectrogastrography with spectral and autocorrelation analysis

...... "'. it , (*.'.., drowsiness--eyelid droop and crosre, vestihtlo-oculr

"" r. I L, x (ret. 4h), nystagmus)
--i'totographic and video recordi f, 14, o ectroocu a,,rpih y, pnpi [ locrapiiv

'-int rimentahie physiolog,,! symptoms t,)L ,0 rot observatin:

. , ;, nI;tg.t retch, emesis, fAt i a, L , visual dystnct ion, dizzin ss,

(cont1inued on next

',i r-ice re2commended tor questionnaire tised.

p.5
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Table 11. Potential Dependent Measures for Use in Research on
Simulator-Induced Sickness. (Continued)

SIMULATOR TASK PERFORMANCE MEASURES

Vehicle control measures (e.g., path control deviation--yaw, lateral position,
heading, etc.; velocity deviation; yoke, stick, rudder, steering
reversals; control response time to disturbance; control movement

overshoot and PIO)

other flight or driving task-related performance measures can be devised as
pertinent to training task objectives (e.g., maintenance of instrument
scanning patterns (eyetracker, video techniques), response time and
strategy for emergencies, detection of radar and visual contact targets,
etc.)

PRE-POST SIMULATOR POSTURAL DISEQUILIBRIUM AND PSYCHOMOTOR TESTS

Pre-post exposure static and locomotor ataxia tests

--e.g., stand-on-preferred/nonpreferred-leg-test (ref. 32,35),
walk-heel-to-Loe-eyes-closed-test (ref. 32,35)

Pre-post exposure manual psychomotor tests

--e.g., video game (esp. air combat maneuvering) performance (ref. 32),
tapping speed and regularity (ref. 35), critical tracking task
performance, pursuit rotor performance

PRE-POST SIMULATOR COGNITIVE AND PERCEPTUAL TESTS

PETER tests (Performance Evaluation Tests for Environmental Research--ref.

. 32,35)

--e.g., grammatical reasoning, pattern comparison

Various other tests

--e.g., arithmetic proficiency test (ref. 12)

SICKNESS HISTORY/SUSCEPTIBILITY/PREDICTIVE METRICS

.4 Pensacola Motion Sickness Questionnaire (ref. 32, 35)

Motion history Questionnaire (ref. 35, 53)

Perceptual. style (field dependence-independence) tests (ref. 3)

--e.g., body adjustment test, rod-and-frame test, embedded figures test,
hiJden figures test, tilted room test

6b
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SImULATOR-SICKNESS RESEARCH FACI LITY
(This section was prepared by W. W. Wierwitle.)

Because simulator-induced sickness is such a pervasive problem .aind

because it remains poorly understood, research expenditures to solve the prob-

lem would appear well-justified. Expenditures toward such goals have 3lready

been nade at moderate levels, resulting in the enumeration of possible causes

of simulator-induced sickness, the examination of certain independent vari-

ables in limited amounts, and the attempt to relate etiological factors under-

lying simulator and motion sickness (e.g., Casali and Wierwille, 1980). Such

efforts have been helpful in obtaining a better understanding of the magnitude

of the simulator-induced sickness problem and its etiology. However, the

problem is far from being solved. As has previously been indicated, there are

numerous sources that may individually induce simuator-induced sickness, and

in iddition they may interact with one another in a manner which is difficult

to predict.

One quite feasible approach to the study of simulator-induced sickness is

,x -ain 't experimentally, using well-established experimental design prin-

cipt.?:i. This involves the develogment of independent variables, dopendcn

vriables, and the us, of appropriate statistical iethods. For siich iii

.-ipproach to reach fruition, it necessitates :in appropriaite experimenta l siumn-

I lator facility in which carefully-controlled experiments can he conducted.

Specifically, this means that the facility must be cip ;ble ot holdi ,u c,.ns tInM

or controiling all independent variables other than those being examined.

"here ippears t,) be two choices in the develupiiont of in ,'xp(,! ','tO

I i it' ,,r the study of sinulator-nduced sicknei;s. The t i rst is LO 1,i0 1 y

aid use one or more existing simulators in which specific sets of in(i,,JndTit

vnri~ hte, could he ex,imine(l. The concept here is that a research !ol wv Il i'

6 /
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move into an existing facility for a period of time, prepare the facility for

a specific group of experiments, conduct the experiments, obtain the results,

analyze them, and then move on to another simulator facility. From a

logistics point of view, this approach appears fraught with problems. Fund-

ing, facility availability, relocation for the researchers, lack of consis-

tency of experimental situations, and lack of familiarity with the operating

details (hardware and software) of the facilities are some of the major diffi-

culties that would be encountered. Furthermore, most current facilities exist

solely because of their training mission. As such they are not easily adapted

to and may not be available for a research mode of operation, which requires

adjustment of different independent variables and measurement of a different

set of dependent variables. Thus, the use of existing facilities for experi-

mental study of simulator-induced sickness, particularly that aimed at the

design-based etiology of the problem, appears to have several drawbacks.

The second approach to the experimental examination of simulator-induced

sickness is the development of a dedicated facility. This facility, which

should De located in an environment conducive to research (probably a nonpro-

fit research laboratory, government research laboratory, or university) should

be desigened and developed so that the largest possible range and number of

independent variables can be examined.

Tne iar:;est drawback for the development of an independent facility to

study simuilator-induced sickness is nrobably its cost. It is no secret that a

high-quality vehicle simulator to be used for training usually represents an

initial seven-figure dollar capital investment. For a research facility,

costs couLd be expected to be comparable. While cockpit or cab instrumenta-

tion might not hav2 to be as complex as in a training facility (because the

equipment tidelity is probably more critical for procedures training than for
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research), the motion base, visulal scene generaL ion sys tem, and tih coillIjillI-

t ional snppo.rt system must be at least as complex and probably more so. As

previously discussed, one can take the point of view that simulator sickness

occurs because the cues that the subjects receive are not the same as those in

the corresponding real vehicle. In the simulator, the cues are approximations

ot those experienced in the actual vehicle, and the approximations may con-

stitute the causes of simulator-induced sickness. This is a simplistic point

of view, but it does shed light on the design of a research facility tor the

study of simulator-induced sickness. It follows from this notion that the

best design of a facility is one in which the approximations are as small as

possible. An example illustrates this point. Suppose the research simulator

is designed such that overall minimum delay in visual presentation from corm-

ptational limitations is 150 milliseconds. Under such conditions, the inde-

pendent variable of visual delay is limited on the low end to 150 milli-

seconds. While longer delays can be obtained through software modifications,

shorter delays cannot, thereby greatly limiting the abi liLy to study the

eftects of delay which would be of high research priority. Another exampl-

tivolves di .play field-of-view. The effects of wide viewing angles ,'(mparod

narrower ones cannot be studied unless the wide viewincy angles are :ivai !-

h1 in tile research simulator. Viewing angles can always he made narrower ,y

il Il' 05 ot opa(IL0 s hidi g devices or other optical i means, but they ('-ilinot i:

m,-du wider witthout the addition of substantial amounts of lhardware. Hopeful lv,

tiLose simple examples illustrate the, main point that the s ifilat i I taciIi tv

'must he ca r,t I I y es igned to allow the greatest possible range it ianipula- i

Loi witi in Ir)ori I ant independent variables. As a r-sult , the subs vs,' eis .i, o

, ,il;ii ator must push the ;tre of Ohe art of s.inulaito dsign, and ti il l,

1 )' i t 'L tIan those ot '' i.oilr trainitw. !;imia tors in any 1',i. ,
%N%
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The major elements of vehicular simulators that are believed to contrib-

ute to simulator-induced sickness have been previously and summarized in Table

I. And as indicated earlier, these elements not only contribute individually,

they also are believed to interact in presently unpredictable ways to cause

simulator-induced sickness.

Careful examination of the table indicates that most of the factors

listed can be grouped under three main hardware systems: the motion-base, the

visual display system, and the dynamics/computation system. There are other

factors listed which affect simulator-induced sickness, but they are more

easily changed, controlled, or otherwise taken into account. For example,

several difterent cab enclosures for a simulator can be easily fabricated of

lightweight material and used to examine the effects of enclosure on

simulator-induced sickness. Provided the motion-base is designed to handle the

incremental load, the enclosure can be considered as a subsidiary element in

tho design process. Thus, the preliminary characteristics of the three main

systems of the simulator will be described in the following sections.

Mot ion-Base

The main characteristics of the motion-base are the number of degrees of

freedom, the allowable excursions in each degree, small signal frequency

response, and large signal slew rates. Additional characteristics involve

aspects stich as inherent delays, resonances, and excursion limit interac--

tions.

[ is important for the research simulator to have a full six degree-of-

freedoi capability. Anything less than this would severely limit the range of

problems that could be studied. It is quite likely that a synergistic

(six-aictuator post or "leg") system would be able to provide the necessary

7U



capabi lit ies. The only other alt ernat ive is cascade sy's tem, which is li eiy

to require additional expense and design effort, and also has inherent weiglht

disadvantages. The synergistic system has alreadv reached a relative lv high

state of development and probably could be used wit h little additinarA

technology advancement in the research simulator.

State-of-the-art characteristics of a synergi.Lic system include those

shown in Table 12a. The specifications shown are similar to those already

available (e.g., Puig, 1984), and should be adequate for a research facility.

Additional specifications would be necessary, however, to ensure that full

advantage could be taken of the synergistic motion-base, and they are shown in

Table 12b. These specifications are probably also within the present state of

the art. They specify that the closed-loop control of each axis should have a

closed-loop frequency response that is similar to a first-order lag. The rise

time is specified for small input excursions where "handling" aspects are most

important. This rise time is faster than that of most degrees-of-freedom of

most vehicles. In addition, by specifying a first-order lag, inertial effects

are indirectly taken into account. Compensation is also specified so that any

closed-loop lag is compensated by a prefilter.

An important associated aspect of the motion base is the mass it must

:na,. The greater the "payload" the more powerful tl>i motion base must be and

the iJign;er the cost becomes. Therefore, every effort should be made to

minimize the mas.- of the payload on the motion base. It would he desirahi t,

ai; l ir --i total pay load mass equivalent to perhaps 1200 pounds. This weig;ht

wou 1l1 include he subject, all caI elementi an<:. iv motion bas -bo rn

oi.i .', c It ruls, and additional equipment such as sound generatiOi, .inr

I ., u ;ii, a commun ioat ions. Overdesigning the pajv, id should he avtii,,(I, so

it ,, 0 ' ,- he ii Id dwn and response times i(t the 1ot 1i el-h)sA , Ca; h' ket'I)t
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Table 12. Proposed Synergistic Motion Base Characteristics.*

a) MAIN CHARACTERISTICS

1. Excursion for each angular d.o.f.: + 350

2. Acceleration for each angular d.o.f.: 200°/sec
2

3. Excursion for each translational d.o.f.: + 36 in.

4. Acceleration for each translational d.o.f.: 0.8 g incremental

b) ADDITIONAL CHARACTERISTICS

5. Frequency response bandwidth (3db) (for each axis) for a peak-to-peak

input amplitude that is 10% of full (peak-to-peak) excursion range: 2.5 Hz

6. Phase response bandwidth (450) for the above input signal: 2.5 Hz

7. Response to a step for each axis. (Step response to be 5% of full

(peak-to-peak) excursion range):

a. Type of response: First order (single time constant in waveshape)

b. Rise time (0 to 9U%): 0.2 sec

8. Compensation:* First-order prefilter, matched to compensate for

closed-loop time constant

* *First seveni characteristics to be met without compensation.

4. 7
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Uisplay System

As with the motion base, there is a major choice that must be made

between two competing display configurations. One of these is a real image

projection CRT system and the other is virtual image (standard-viewing) CR1

system. The projection system would use a large screen that can be held

stationary or attached to the motion platform. This system requires a great

deal of maintenance and has a focal distance that is nearly fixed. As a .

result, focal distance is not adjustable as an independent variable.

There is a common misconception that projection systems produce a larger

field-of-view than virtual image systems. This is simply not true. One

channel of a projection system with an 8 foot wide screen located 10 feet away

from a viewer produces a 440 horizontal field-of-view. For a virtual image

system with a 24 inch wide aperture located 28 inches away from the viewer,

the horizontal field of view is 460. Thus, there is really no field-of-view

advantage for projection systems. In terms of display luminance and luminance

contrast ratios, the projection system is at a distinct disadvantage.

Extremely high accelerating potentials must be used to achieve minimally

acceptable screen luminance. Under such conditions, projection CRT tube life

is likely to be short, and characteristics are likely to change with tube age.

Finally, projection optics tend to reduce the image resolution more than

virtual image optics. This is a result of the fact that the optics must

gather as much light as possible from the object surface of the projection CRT

and project it in focus onto the screen. In other words, the light-gathering

(aperture) capability competes with the resolution (focus) capability.

Usually, projection systems are used where images must be superimposed,

for example, in air combat maneuvering simulators where a target aircraft is

superimposed on a surrounding sky/ground background scene. They are also used
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where multiple crew members must view the same image. These capabilities,

however, do not appear to be particularly important for the study of

simulator-induced sickness. Therefore, it can be concluded that the virtual

image CRT system would be the better choice for examination of simulator-

induced sickness.

As mentioned earlier, the virtual image display system should have a wide

field-of-view so that this variable can be experimentally investigated.

Probably the best arrangement would be a four-channel system, with each

channel having a 370 vertical by 500 horizontal field-of-view. To allow for

some eye position change, an overlap of 30 on each edge should be used, yield-

ing 440 of horizontal field-of-view per channel for a total of 1760. The

major characteristics of each channel are listed in Table 13.

In terms of the optics, the probable choice is reflective (spherical

mirror) infinity optics in a folded optical path. The disadvantage associated

with refractive lenses is that they become bulky (thick) for the set of

optical properties required or that fresnel lenses must he used, with their

attendant diffraction at the edges of the lens etchings. Consequently, reflec-

tive optics seem to have the advantage for this application.

An important aspect of the optics is the apparent distance of the image

from the subject's eyes. As indicated, a projection system would require that

the image distance be fixed. Reflective optics, on the other hand, have the

potential advantage of allowing adjustment of the apparent image distance.

This can be accomplished by moving the object surface (the CRT in this case)

inward or outward from the viewer a short distance. While it is true that

these position shifts also cause a change in image size, the change is rela-

tively small and can probably be compensated computationally in the scene.

Thus, reflective optics allow apparent image distance to be treated as ai
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Table 13. Characteristics of Each Channel of Proposed Visual Display System.

Optics: Folded path reflective, with virtual image adjustable from

8 ft. to infinity.

Field-of-view should be adjustable by 100 horizontal

increments by insertable shades at the aperture.

CRTs: Shadow-mask color type with 750 vertical by 1000 to 1200

horizontal addressable pixels.

Refresh rate: 60 Hz for full picture with 2:1 interlace

(120 Hz for half picture).

Persistence: Matched to 60 Hz refresh rate

Luminance: 60 candelas/m 2 (at aperture)

Luminance contrast ratio: 100:1 (at aperture)
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independent variable. The desired range of adjustment would be 8 feet to

infinity, as indicated in Table 13.

Since field-of-view is a very important independent variable in the study

of simulator-induced sickness, it should be adjustable over a wide range.

This could be easily accomplished by using shades allowing decreasing widths

of field-of-view in 100 increments.

The CRT's to be used in the visual system should be such that they allow

a minimum of 1000 addressable points (pixels) horizontal by 750 vertical.

Actually 1200 points horizontally would be better, if attainable, because of

cropping. Each addressable point should have a range of color as in a high-

quality shadow mask color CRT.

The refresh rate (scan rate) of the CRT's should be 60Hz, that is, double

the rate normally associated with standard CRT's. The normal mode of address

should be interlaced to further reduce flicker. Thus, a half" picture would

be produced every 120th of a second. The reason for using this higher scan

rate is to ensure that the presented image is above the flicker threshold for

most individuals. There is a possibility that flicker may affect simulator-

induced sickness, and therefore, for purposes of comparisons a high scan rate

must be available. Apparent scan rates can then be lowered in submultiples by

software to determine the effects of flicker.

As indicated earlier, one major advantage associated with CRT's viewed

through reflective optics is that they can produce relatively high luminance

levels. It has been observed that simulators capable of high brightness have

a greatur tendency to induce uneasiness. Therefore, to study the effect of

brightness, the obtainable luminance should be relatively high. Particular

effort s-cild be directed toward achieving a minimum of 60 candelas/in2 at the

aperture. This is relatively high value and would only be used part or the
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t me. H-owever, unless it is available, the effects of' high screen brightness

could not be properly studied.

J Similarly, high contrast may have an effect on simulator-induced sick-

ness. To achieve high contrast, e.g. 100:1, it is first necessary to have

high luminance. Thus, the specified contrast ratio will only be achievable if

the brightness specification is first met. Contrast ratio is important in the

study of "flashbacks" and other aftereffects of simulator-induced sickness.

Furthermore, brightness, contrast, and flicker may interact to create uneasi-

ness. The simulator should be designed so that it encompasses this realm of

-: problems.

The combination of high luminance and high contrast ratio can be more

easily achieved using refractive optics. This is a result of the fact that

the refractive optics have only a lens loss, whereas reflective optics have

losses created by half-silvered mirrors, used first in reflection and then in

transmission. While the recommended design here is reflective, it may become .

necessary after a detailed design process to specify refractive optics in

order to meet the lunimance and luminance contrast ratio specification.

Emphasis in this section has been on the optics and associated CRT's.P

Scenes to be presented on the CRT's will be discussed in the next section.

However, before leaving the topic of displays, it is important to discuss the

drive electronics briefly. In particular these electronics must not conpro-

nise the resolution of the scene, that is, they must allow the pixel elements

to be individually addressable in sequence and must perform the D/A conver-

sions accurately such that the digital video data received are faithfully

transformed to color pixel levels at the CRT face. .
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The effects that computations have on simulator-induced sickness are pro-

- . found and well-recognized. Delays, distortions, and other dynamic inaccura-

cies cal create many kinds of difficulties in simulation, and consequently,

* the computational system is of utmost importance in simulation design.

The problems associated with computation are best viewed from a histori-

cal point of view. As simulators first began to be developed, the primary

method of computation was by means of electronic analog computers. These com-

puters had the advantage of providing dynamically accurate representations of

the vehicle equations of motion because they were parallel devices. They could

sole differential equations accurately, without any problems of delays or

unwanted lags. However, these computers were temperamental, required point-

to-point wiring, and had to be carefully amplitude-scaled to avoid unaccept-

able inaccuracies. Furthermore, they were limited in versatility because they

had very limited storage capability and because accuracy was fixed at about

).5% of full scale. These limitations encouraged simulator manufacturers to

m,)ve toward digital computer technology as soon as it was feasible to do so.

Digital computation from the outset has historically been performed in

seriAl fashion. While there is fundamentally no reason why parallot digital

comfputation could not nave been developed, the tradition of digital computers

.4. has hcen and remains to perform computations serially.

Because digital computers are serial devices, they always introduce

delays of some magnitude in every computation performed. High-speed machines

can perform simple computations rapidly, but not instantaneously. The more

Somp,- tie computation is and the slower the speed of the machine is, the

longer it takes to complete the computation. In simulation work, the basic

computational process involves sampling inputs, performing computations on the
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inputs, and then providing outputs or commands for the simulator hardware. In

display generation, the process also includes mass retrieval of information

from storage, operations on the information, and mass transfer to display buf-

fers. Regardless of the specific tasks involved, delays occur and therefore

I must be considered in simulator design. Insofar as a simulator to study sick-

ness is concerned, the delays must be sufficiently short that they can be con-

sidered negligible. Otherwise, the effects of delays cannot be studied.

'Table 14 contains a proposed delay budget for the dynamics/computation

system of the simulator. This budget was developed using the idea that total

computational delay must not exceed 25 milliseconds from control input to sys-

tem response. This delay is the additional delay encountered as a result of

serial computation in digital systems, and does not of course include the lags

which are normally associated with vehicle dynamics (as a result of the equa-

tions of motion).

Most researchers involved in manual control system design would probably

agree that a total loop delay of 25 milliseconds would not appreciably affect

system handling performance. However, they probably would also indicate that

delays greater than 25 milliseconds would affect performance. Therefore,

.- maximum allowable delay should not be greater than 25 milliseconds.

In examining the table, it should be noted chat the motion base has

already been specified as compensated so that it does not introduce delays or

lags in and of itself. In any case, once the vehicle state is computed, it can

be outputted to a subsidiary processor which can handle coordinate transfor-

mation and washout. in other words, major delays are not expected to occur in

tne motion-generating system. Rather, they are e:-pected to occur il the

visual display system.

The most difficult problem is -iht retrieval, proce4sing, outputting, and
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Table 14. Delay budget for the Dynamics/Computation System.

Process Allowable Delay (milliseconnt)

lnput vector sampling and computation of

vcehicle state 2

Retrieval of scene information from

s toras, 4

Processing of scene information 6

outputting of scene information to

display buffer 3

Update of display visual output 10

Total 25 milliseconds

8U
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displaying of the visual information. To give some idea of the magnitude of

the problem, one need only recognize that for ciO1.3, 2 .7 megabytes of data are

necessary to complete one full picture for 1/60 second (750 x 1200 x 3 data

points). Manipulating these data quickly and displaying them with only small

delays represents a state-of-the-art design problem that is only now becoming

possible. Most visual systems already in existence have delays approaching

100 milliseconds, which are too long for research purposes involving

simulator-induced sickness. In any case, regardless of the computational

techniques used, total delays must not exceed 25 milliseconds. If necessary,

parallel processing can be used to bring delay times down to acceptable

levels.

Ottier important aspects of the dynamics/computation system include the

accuracy of computations and software versatility. There is a tendency ro

h~itk of these machines as absolutely accurate; but, in fact, they are not.

input sampling and quantization introduces small errors, as does word size

within the machine. Computation algorithms can also introduce errors, par-

ticuLarly when truncated. Therefore, every effort should be made to maintain

accuracy throughout the computational process.

The versatility of the software is as important in a simulator designed

for study of simulator-induced sickness as it is for any other application. In

particular, the range of manipulation of variables should be substantial. For

example, scene clutter or density must be specifiable so that it can be

studied as an independent variable. However, because of the range of the

independent variables, particular care must be taken to ensure that the

software is user-friendly and that programming time can be held within

Leasonable limits for new research problems.
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Concluding Remarks

In this section of the report dealing with simulator design for the study

of simulator-induced sickness an attempt has been made to present the most

important design aspects of such a research simulator. In particular,

* emphasis has been placed on the motion base, the visual system, and the

dynamics/computation system. These three topics have been emphasized because

they are the most important and because they must be correctly specified if

* the resulting facility is to do the job for which it was designed.

It appears at this point that the motion-base for such a simulator is

within the present state-of-the-art and that the major considerations involve

correctly specifying the system while holding payload mass to a reasonable

level.

% In terms of the display system, the use of folded reflective optics

A. appears relatively straightforward and versatile, but the CRTs may be at the

very edge of the state-of-the-art. In particular, doubling the usual 60 Hz

scan rate while maintaining a full 750 by 1200 pixel color picture in each of

four channels may cause some degree of technical difficulty. By using four

channels in the display system, a field-of-view approaching 1800 would be

obtainable.

The dynamics/computation system represents a substantial design problem

% that is again at the edge of the state-of-the-art. In particular, total

N throughput delays from control inputs to visual scene update should not exceed

25 milliseconds. Scene generation equipment presently in use usually has

delays of 100 to 150 milliseconds and would not be acceptable. It is likely

-I .

that parallel computation techniques will be necessary to meet the necessary

7' specification on throughput delays.

There is no question that many important aspects of simulator design have
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not been covered in this section. However, these other aspects are not as

critical as the ones presented and in general do not require pushing the

state-of-the-art. For example, sound generation can be handled without any

particular problem. Furthermore, if found unsatisfactory, modifications or

*retrof its could probably be made. The system. emphasized in this section, on

the other hand, could not be easily retrofitted, and if incorrectly designed

or constructed would severely limit the ability of the resulting simulator to

perform its mission of investigation of design influences on simulator

sickness.

Finally, the authors wish to emphasize one main point regarding

simulator-induced sickness and a facility for its study; namely, that

simulator-induced sickness is a problem that can be studied scientifically by

the usual tools of behavioral research. In particular, it can be studied

using a properly-designed simulator with well-defined independent variables,

dependent variables, and the usual accepted experimental design methods.

7A
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APPENDIX I

Survey of Navy Flight Simulators

(Questionnaire)
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INSTRUCTIONS

Survey of Navy Flight Simulators

The following questions were developed in a joint effort between Virginia

Tech and the Naval Training Equipment Center and are designed to gather

information on the training tasks, operating procedures, physical

characteristics and operating environment for a variety of Navy simulators.

The questions have been designed to accommodate a wide range of

exoerience and backgrounds among responders. Please answer each question to

t'.e best of your knowledge and please indicate by writing a question mark in

the margin if you are unsure of an answer that you give. If you do not have

or cannot determine the information necessary to provide an answer, simply

leave the answer blank.

Please feel free to call Richard Roesch at (703) 961-7962 if you wish to

disusss nny aspect of this questionnaire, your simulator or simulator training

!.n eral.

. ..
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An excample of how to complete the questionnaire follows.

Given a simulator which is used to train take-off, in-the-air tasks (suchI

as air-to-air, air-to-ground, and air-to-ship weapons delivery), and landing

on an aircraft carrier during the day and at night, the first part of section

3 in the questionnaire should be completed as follows.

"TRAINING TASK

3. 1. Full Flight Task (take-off/in the air task/]landi ng)V

3.2. Part Task C

3.2.1. Maneuvers 0

3. a. ir rm -:.)mbat maneuvers) 0

721 2. c ornm t 0

3.2. 2. Weapons deliverys

.221. air 'o airV

3....air to groundV

3....air to waters'

3~.2.3. Take-off v& landing v

331carrierV

3. .. field 0

~3 I32.3~ 3. ci-rfired area 0

3.2.3.5. dusk 0

92



NTSC-TR86-01 2

Simulator Device Number (e.g., 2E6)_______

Aircraft Number (e.g., F- 1 4) _______

Simulator Type (e.g., ACMS)

SURVEY OF NAVY FLIGHT SIMULATORS

1. YOUR NAMIE, BUSINESS PHONE NUMBER & CORRECT MAILING ADDRESS
FOR THE SIMULATOR FACILITY

2SIMULATOR MANUFACTURER, ADDRESS & DATE OF MANUFACTURE,
OPERATIONAL DATE (and the name of a knowledgeable contact at the
manufacturer, if possible)

9*3



NTSC-TR86-0 12

;~ f 2FOR EACH OF THE FOLLOWING ITEMS
PLEASE MARK A CHECK IN THE APPROPRIATE BOX 0

OR
ANSWER "YES" OR "NO"

AND/OR
MAKE COMMENTS ON THE APPROPRIATE LINE

3. TRAINING TASK

* 3. 1. Full Flight Task (take off/in the air task/landing) 0

3.2. Part Task 0

3.2. 1. Maneuvers 0

3.2. 1. 1. air (no combat maneuvers) 0

3.2.1.2. combat 0

3.2.2. Weapons delivery 0

3.2.2. 1. air to air 13

3.2.2.2. air to ground 0

3.2.2.3. air to water 0
(continued on next page)
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3.2.3. Takeoff & landing 0

3.2.3.1. carrier 0

3.2.3.2. field 0

3.2.3.3. confined area 0

3.2.3.4. daylight 0

3.2.3.5. dusk 0

3.2.3.6. night 0

3.2.4. Navigation 0

3.2.4. I. cross-country 0

3.2.4.2. tactical terrain-following 0

3.2.4.3. NOE (nap of the earth) flight 0

3.2.4.4. approach/departure 0

3.2.5. Reconnaissance 3nd or photographic mission 0
Please specify typical mission altitude(s):
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3.2.6. Procedures training 0
Please list and describe the procedures that are trained in
the simulator:

3.2.7. List and describe other training tasks performed with
simulator (if any).
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4. VISUAL SYSTEMS

4.1. Image Generation System

4. 1. 1. Manufacturer, address and the name of a knowledgeable
contact at the manufacturer

4. 1.2. What is the type of image generation system and what is
the model (e.g., "Vital IV", "Novoview", "Duoview") ?

4.1.2.1. computer generated image (CGI) 0

model

4.1.2.2. computer synthesized image (computer digitizes

photographics into images for the display) 0

model

(continued on next page)
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4.1.2.3. TV camera with model board 0

model

4. 1.3. Number of video information channels (note : one channel
may serve more than one display)

4. 1.4. How many edlges does the image generation system
store (if unknown please leave blank) ?

"0

4.1.5. How many feces does the image generation system
store (if unknown please leave blank) ?

4.2. Image Display System

4.2. 1. Manufacturer, address and the name of a knowledgeable
contact at the manufacturer
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4.2.2. Image display medium (type)

4.2.2.1. direct view CRT 0

4.2.2. 1.1. the CRT is a raster scan type (please
do not check if you are unsure) 0

4.2.2.1.2. the CRTis a calligraohic type (please

do not check if you are unsure) 0

4.2.2.2. collimated CRT (infinity optics) 0

4.2.2.2. 1. picture is generated by the raster scan
A- method 0

4.2.2.2.2. picture is generated by the
calligraphic method 0

4.2.2.2.3. a fresnel lens is used to collimate the
,' display 0

4.2.2.2.4. a beam splitter is used to collimate the

display 0

4.2.2.3. light valve projection system 0

4.2.2.3.1. projector is behind the screen ]

4.2.2.3.2. projector is in front of the screen 0
(continued on next page)
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4.2.2.3.3. the screen is flat 0

4.2.2.3.4. the screen is slightly curved 0

4.2.2.3.5. the light valve-generated image is
projected onto a dome 0

4.2.2.4. point-light-source projection 0

4.2.2.4.1. projects earth & sky 0

4.2.2.4.2. projects targets 0

4.2.2.4.3. other items that can be displayed by the .

point-light source projection system

4.2.2.5. field-of-interest display (requires a mechanism
to track where the pilot is looking) 0

4.2.3. Number of displays (e.g., the number of CRT screens)

100
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,

4.2.4. Physical dimensions of eac/ out-the-window display (i.e.,
not the displays inside the cockpit that are instruments;
please list each separately)

4.2.5. Design eye position boundary (the location the pilot's eye
is supposed to be in - sometimes referred to as "exit pupil")

4.2.5.1. How far (in inches, degrees etc.) can the pilot move
his/her head before the display appears distorted ?

4.2.5.1.1. vertically

4.2.5.1.2. side-to-side

4.2.5.1.3. forward

4.2.5.1.4. rearward

.5.I

lOI.
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4.2.5.2. distance (in inches) from the design eye position to
the out-the-window display

4.2.6. Please provide a rough, top-view sketch of the cockpit
layout showing the locations of the displays, cockpit
windows, crew and instructor. Note the visibility and
distortion (if any) of each of the displays to each crew
member. (A sketch of a helicopter simulator is shown
below as an example).

"I displays

Display -I is visible to
\ 2 copilot and instructor but

appears clear only to
' ,?' " , copilot

wi ndscreens" Display 12 appears clear
to the pilot, copilot and

S /- \the instructor
/ Display *3 is visible to

/ . V pilot and instructor but

copilot pilot appears clear only to theV; "?- pilot

instructor
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4.2.7. The items the out-the-window display can
portray:

4.2.7.1. friendly aircraft 0

4.2.7.2. enemy aircraft 0

4.2.7.3. weather 0

4.2.7.4. targets 0

4.2.7.4. 1. in the air 0

4.2.7.4.2. on the ground 0

4.2.7.4.3. on the water 0

4.2.7.5. landing site 0

4.2.7.5.1. ground 0

4.2.7.5. 1. carrier 0

4.2.7.6. missiles

4.2.7.6. 1. the firing of missiles is displayed 0

4.2.7.6.2. missile flight is displayed 0

4.2.7.6.3. missile strike is displayed 0

(continued on next page)
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4.2.7.7. daylight can be displayed 0

4....ngh a edipae

4.2.7.8. night can be displayed 0

- 4.2.7.10. the sky (clouds etc.) can be displayed 0

4.2.7. 11. terrain features of earth can be displayed 0

4.2.7. 12. objects on the earth can be displayed 0

4.2.7. 13. wing movement (sweep fore/aft) can
be displayed 0

4.2.7.14. displayed items are depicted with surface
~ texture 0

4.2.7.15. please list other items that can be displayed
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4.2.8. In which of the following ways can the displayed images
appear to move ?

4.2.8. 1. roll 10

4.2.8.3. yaw 0

4.2.8.4. move fore/aft 0

4.2.8.5. move sideways 0

4.2.8.6. move vertically 0

4.2.9. Please comment on the resolution of the out-
the-window display (e.g., if you know the number

.4...of pixels, raster lines etc., please list; otherwise use
comments like "sharp', "clear", "poor").
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4.2. 10. How complex a picture can the out-of-the window
display present (e.g., if you know the maxium number of
faces or edges that can be displayed please list;
otherwise use comments like "very complex and
realistic" or "very simple and not very realistic") ?

4.2.1. What is the refresh rate of the display system
(i.e., how frequently is the display updated) ?

4.2. 12. What is the luminance (brightness) of the out-of-the
window display (if you can quantify this please do so;
otherwise use comments like "display appears bright" or
"display needs to be brighter") ?

'10
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4.2.13. Does the out-the-window display have good
contrast (please comment) ?

4.2.14. Can the out-the-window display present
colors and if so what colors can be
displayed?

4.2. 15. Do viewers complain of, or can you see any
distortion in the out-the-window display?

4.2.15. 1. Do viewers complain that the
display appears to flicker ?

4.2.15.2. Does the display distort if not
viewed from directly in front of the
display (i.e., if viewed slightly to
the side) ?
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4.2.15.3. Do parts of the display appear to
move in relation to other parts of
the display ? (known as "swimming")

4.2.15.4. Does the display appear to
shimrmer ? (known as "alaising")

4.2.15.5. Does the display smear when the motions
portrayed in the display are rapid ?

4.2.15.6. Can you see shadows or ghosts in
the display ?
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4.2.15.7. If two objects (in the display)
overlap one another can you see the
object behind through the object in
front ? (known as "priority")

42. 15.8. Do viewers complain of str-eaming in the
display (i.e., objects in the periphery of
the display appear to move too fast) ?

4.2. 15.9. Do viewers complain that objects in the
periphery move too slowly ?

4.2.15.10. Does the display ever appear to make
a sudden and rapid ("jerky") movement up,
down or sideways) ?

4.2.15.11. If the simulator has instrument and display
dimming to simulate the "tunnel vision"
effects of g-forces, do pilots ever
complain that the dimming is unrealistic ?
If so, do the pilots ever complain that the
dimming is disturbing ?
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4.2. 15. 1 2. Does the windscreen of the
simulator cause any distortion
(if so please describe) ?

4.2.15.13. Are adjacent displays well-matched ? If
not, then please describe the mismatch

I (mismatch may occur in several ways -
images on adjacent displays may appear
to jump or there may be physical gaps
between adjacent displays, etc.).

4.2.15.14. Are there any other distortions or defects
in the out-the-window display
(if so, please describe) ?

111
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* 5. MOTION SYSTEM

5. 1. Type

5. 1.1. Fixed-base (i.e., the base or the complete cockpit does not
move other than perhaps vibration) 0

5.1.2. Moving-base (i.e., the simulator cockpit is actually moved in
space) 0

5.1.2. 1. the cockpit can:

5.1.2. 1. 1. rolIl1

5.1.2.1.1.1. excursion distance

(in degrees)

5.1.2.1.1.2. velocity (in degrees per
second)

5.1.2.1.1.3. acceleration (in degrees per
second 2or g)

(continued on next page)
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a 5.1.2.1.2. pitch 0

5.1.2.1.2. 1. excursion distance
(in degrees)

5.1.2.1.2.2. velocity (in degrees per
second)

5.1.2.1.2.3. acceleration (in degrees per
second 2 or g)

5.1.2.1.3. yawO0

5.1.2.1.3. 1. excursion distance

(in degrees)

5. 1.2. 1.3.2. velocity (in degrees per
second)

(continued on next page)
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5. 1.2. 1.3.3. acceleration (in degrees per
second 2 or g)

5.1.2.1.4 move fore/aft (longitudinal translation) 0

5. 1.2. 1.4 1. excursion distance
(in inches)

5.1.2.1.4.2. velocity (in degrees per
second)

5.1.2.1.4.3. acceleration (in degrees per
second 2 or g)

5.1.2.1.5. move sideways (lateral translation) 0

5. 1.2. 1.5. 1. excursion distance
(in inches)

(continued on next page)
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5.1.2.1.5.2. velocity (in degrees per
second)

5.1.2.1.5.3. acceleration (in degrees per
second 2 or g)

5.1.2.1.6. move vertically (heave) 0

5. 1.2.1.6. 1. excursion distance
(in inches)

5.1.2.1.6.2. velocity (in degrees per
second)

5.1.2.1.6.3. acceleration (in degrees per
second 2 or g)

5,2. Do pilots comment that the simulator movement is

5.2.1. Not realistic in any movements 0
(continued on next page)
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5.2.2. Not realistic in some movements (specify which ones) 0

5.2.3. Very realistic in all movements 0

53. Other motion cueing devices used

5.3. 1. G-suit (worn by pilot) 0

5.3.2. G-seat 0

53.3 Lap and shoulder belt tightening 0

S5.3.3. Display dimming C

5.3.5. Whole cockpit vibration 0

5.3.6. Control stick vibration 0

5.3.7. Seat vibration 0

5 4. What method does the simulator use to limit moving past the
stops ?

5.4.1. Electrical limit switches 0

5.4 2. Mechanical stops (e.g., shock absorbers or other physical
.':- methods) 0

5.4.3. Computer logic controlled 0

54.4. Controlled by the hydraulic system 0
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5.4.5. Other methods used to limit niotion as the simulator
approaches the maximum excursion (please explain).

5.5. Does the simulator ever jerk, "bump" or tend to oscillate in

its motions (if so please explain) ?

q

*6. COCKPIT ENVIRONMENT

6.1. FlightControls

6.1 1. Please list each flight control in the simulator cockpit (e.g.,
center stick, collective, yoke stick, side stick; yaw control
pedals, brake control pedals; thrust controllers; and
configuration controllers such as flaps and gear) and the
type of control loading for each flIight control (e.g.,
stiction, coulomb friction, viscous damping, spring-
centering).

(continued on next page)
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se.

6.1.2. Do pilots ever complain that any of the above flight
controls are not realistic (if so, please identify the
controller along with the complaints) ?

118 I
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6.2. Audio System

6.2. 1. What simulated sounds can be presented ?

6.2.1.1. hydraulic control systems 0

6.2.1.2. life support systems 0

6.2.1.3. engine(s) 0

6,2.1.4. weapons release 0

6.2.1.5. turbulence 0

6.2.16. wind [

6.2.1.7. weather (rain etc.) 0

6.2. 1. 8. brakes 0

6.2.1.9. runway rumble C

6.2.1.10. tire squeal 0

6.2.1. 11. aIarms 0

6.2.1.12. other simulated sounds (please list )

I
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6.2.2. Do pilots complain that the simulated sounds are
unrealistic in any way (if so, please explain) ?

6.2.3. Communications systems

6.2.3. 1. communications with instructor 0

6.2.3.2. communications with a simulated ground control or
ship-based control 0

6.2.3.2. communications with oter aircraft 0

-" 6.3. Are there any sounds heard in the simulator which are not part of

the simulation (e.g., noises from the cockpit air conditioner or
from the hydraulic power unit) ?

6.4. What temperature (in degrees) is maintained in the cockpit ?

12
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6.5. What humidity level (in percent) is maintained in the cockpit ?

6.6. What illumination level is maintained in the cockpit (if you
cannot make a quantified estimate in Lux or Footcandles, use
comments like "bright" or "dim") ?

6.7. Is the cockpit open or enclosed ?

6.8. What is the pilot's field-of-view (how many viewing windows are
there and how large is each window) ?

t..''

... vq"f

6.9. Are there any odors from (or in) the:
.%

6.9. 1. Pilot's life support breathing system 0

6.9.2. Hydraulic system 0
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6.9.4. Are there other odors (if so, please list) ?

6.10. Briefly describe what getting in and out of the simulator is like
(e.g., do you have to climb a ladder and then walk across a gang
plank that is 30' in the air to enter and exit or do you enter and
exit while the simulator is on the ground floor level).
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7. CALIBRATION OF SIMULATOR SYSTEMS

Please mark the systems that are calibrated and how frequently they
are checked for calibration (comment on any problems any of the
systemisi has had with calibration or complaints that any of the pilots
have had concerning a poorly calibrated system).

7. 1. Motion System 0 ____________________

'.4'7.2. Visual SystemO0

7.3. Computers 0 ______________________

(continued on next page)
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7.4. Audio System 0CU

7.5. Other Systems 0

8. LAGS OR DELAYS

Do you hear complaints about lags or delays (if so please check the
appropriate box; if the amount of delay is known please specify and
comment) ?

8.1. Is the delay between the pilot control inputs and the visual scene
movement unrealistic ? 0
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8.2. Is the delay between the pilot-control input to the response
movement of the motion system unrealistic ? 0

8.3. Is the delay from the pilot-control input to the response in the
instrument readout unrealistic ? 0

8.4. Delays in the audio system responses (specify) 0

8.6. Delays between the motion system responses and the instrument
responses (specify) 0
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1 8.7. Delays between the instrument responses and the display responses
(specify) 0

8.5. Delays between the motion system movement and the visual display
movement (and if there are delays does the motion system

N., appear to lead or lag the visual system) 0

9. COMPUTER(S)

9. 1. Manufacturer, adres the date of manufacture and the name of a
knowledgeable contact at the manufacturer (if possible)

IN

9.2. For each computer please fill in the table on the following page.

126



NTSC-TR86-012

,'and task
of this unit type

(e g, (e.g.,
algorithms manufacturer analog, memory

of and mfg. digital, disk processing (core) software
motions) model number hybrid) space time size language

V4.
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9.3 Plae. ho qent ly dh trtos rates for each of the following

(i~., ow reqenty des hecomputer sample or update the item
1listed)

- 9.3. 1. the control stick input

9.3.2. the aerodynamic equations a

9.3.3. input signal to the motion base

9.3.4 input signal to the visual system

10. CHARACTERISTICS OF THE IMMIEDIATE W~ILDING (eg., size of the
immediate room and any other facilities that are available such as

-a. brief ing rooms)
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H1. OPERATING PROCEDURES

1 1. 1. Duration of the longest training missions typically conducted

11.2. Estimates of the work load and stress involved in the training 1
process (e.g., "because we train pilots under the strain of
simulated combat and with many engaging enemy aircraft, I
would estimate the training to be very intense" or "we allow the
pilots to work at their own pace and therefore I would not
estimate the intensity of the training to be very high")

11 .3. Is the action of the training ever stopped with the display still in
place (i.e., is the scene frozen) ?

11.4. Is the displayed scene ever run in reverse while still on the
display screen (e.g., to review a previous error) ?
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11.5. Is the display ever suddenly changed ("reset") to present a new
scene while the pilot views the screen ?

11.6. Is the display always off when the pilot is entering or
exiting the simulator ?

11.6. Are pilots that train in the simulator ever allowed to view the
simulator (from the outside) while it is in operation with
someone else inside ?

1 1.7. Are there any particular maneuvers performed that appear to
cause some uneasiness or symptoms of sickness among the
pilots (if so, please comment on the nature of the maneuver and
the nature of the uneasiness in terms of symptoms reported or
observed) ?
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12. Please comment on the level of uneasiness or sickness the pilots have
experienced in the simulator and any features of the simulator (or
other factors) that you think might nave caused their uneasiness.

13 Do pilots report that the simulator is a realistic representation of the
intended aircraft in actual I flight (if not please explain) ?
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4

APPENDIX II

Aircraft Simulator Characteristics and Independent Variable Outline

* 1

aR
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AIRCRAFT SIMULATOR

CHARACTERI STICS
AND

INDEPENDENT VARIABLE OUTLINE

1. Location & Date of Installation

2. Manufacturer & Date of Manufacture

3. Training Task

3.1 Full flight (take-off/task/landing)

3.2 Part task

3.3 Air combat maneuvers

3.4 Weapons delivery

3.4.1 air-to-air

3.4.2 air-to-ground/water

3.4.3 air-to-water

3.5 Take-off/landing

3.5.1 carrier

3.5.2 field

3.5.3 confined area (& pinnacle)

3.5.4 daylight capability

3.5.5 dusk capability

3.5.6 night capability

3.b Navigation

3.6. 1 cross-country

3.6.2 tactical terrain

3.6.3 NOE (nap of the earth) flight

3.7 Reconnaissance/photographic

3.6 Other training tasks

-. -J
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~ 4. Visual Systems

4.1 Image generation system

4.1.1 manufacturer

4.1.2 type

-'S 4.1.2.1 computer-generated (CGiI)

4.1.2.2 computer-synthesized (hybrid)

/ 4.1.2.3 model board/camera

4.1.3 # of video information channels (one channel may serve more

than one display)

4.1.3.1 # of stored points

4.1.3.2 # of stored faces

* 4.2 Image display system

4.2.1 manufacturer

4.2.2 type of display medium

4.2.2.1 CRT (direct view)

ft.~-.4.2.2.1.1 raster

4.2.2.1.2 calligraphic

4.2.2.2 collimated CRT (infinity optics)

4.2.2.2.1 raster

4.2.2.2.2 calligraphic

4.2.2.2.3 fresnel lens

4.2.2.2.4 beam splitter

4.2.2.3 TV projection system

K-.-4.2.2.3.1 behind screen

4.2.2.3.2 in front of screen

4.2.2.3.3 flat screen

4.2.2.3.4 slightly curved screen

4.2.2.3.5 dome
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4.2.2.4 point-light-source (onto dome)

4.2.2.4.1 projects earth & sky

4.2.2.4.2 projects targets

4.2.2.5 field of interest (uses eye tracking)

4.2.3 field of view (vertical & horizontal)

4.2.3.1 total fov

4.2.3.2 each display fov

4.2.3.3 design eye position - boundary size

4.2.3.3.1 vertical

4.2.3.3.2 horizontal

4.2.3.3.3 fore/aft

4.2.3.3.4 distance of design eye position to display

4.2.4 # of displays and size of each display

4.2.5 # of windows with a display

4.2.6 # of windows without a display

4.2.7 item (object) type, & #/ that can be displayed

4.2.7.1 friendly aircraft

4.2.7.2 weather

4.2.7.3 targets

4.2.7.3.1 air

4.2.7.3.2 ground

4.2.7.3.3 water

4.2.7.4 landing site

4.2.7.4.1 ground

4.2.7.4.2 carrierI
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4.2.7.5 missiles

4.2.7.5.1 shoot

4.2.7.5.2 fly

4.2.7.5.3 strike

4.2.7.6 day

4.2.7.7 night

4.2.7.8 dusk

4.2.7.9 sky

4.2.7.10 earth

4.2.7.11 wing sweep

4.2.7.12 other items that can be displayed

4.2.8 degrees of freedom of motion in the display

4.2.9 raster scan CRT display resolution

4.2.9.1 # of addressable pixels in each display

4.2.9.2 # of raster lines in each display

4.2.10 calligraphic CRT display resolution

4.2.11 point-light-source display resolution

4.2.12 scene complexity

4.2.12.1 maximum # of faces that are displayed at any one

time

4.2.12.2 maximum # of edges that are displayed at any one

time

4.2.13 visual system refresh rate

4.2.14 visual depth-of-field presentation

4.2.14.1 CRT direct-view

4.2.14.2 dome - (20' feet equals infinity) w.

4.2.14.3 collimated display - (infinity optics)

4.2.15 luminance
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4.2.16 luminance contrast

4.2.17 display colors

4.2.18 sources of display distortion

4.2.18.1 flicker

4.2.18.2 off-axis viewing

4.2.18.3 swimming

4.2.18.4 alaising/shimmering

4.2.18.5 phosphorus persistence (display bleeding or
smeari ng)

4.2.18.6 shadowing (ghosting)

4.2.18.7 priority (bleed-through)

4.2.18.8 operating procedures

4.2.18.8.1 use of "freeze"

4.2.18.8.2 use of "reset"

4.2.18.8.3 scene on display at entry/exit

4.2.18.9 peripheral screen context (e.g. "streaming" in

periphery)

4.2.18.10 presentations of visual heave

4.2.18.11 G-force display dimming (simulation of visual
tunneling as a function of g-force)

4.2.18.12 other display distortions

5. Motion System

5.1 Type

5.1.1 fixed-base

5.1.2 moving-base

5.1.2.1 synergistic method

5.1.2.2 cascade method

5.1.2.3 other method of moving-base
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5.1.2.4 degrees-of-freedom presented

5.1.2.5 rotational

5.1.2.5.1 yaw

5.1.2.5.1.1 excursion (degrees)

5.1.2.5.1.2 velocity (degrees/sec)

5.1.2.5.1.3 acceleration (degrees/sec
2 )

5.1.2.5.2 pitch

5.1.2.5.2.1 excursion (degrees)

5.1.2.5.2.2 velocity (degrees/sec)

5.1.2.5.2.3 acceleration (degrees/sec
2 )

5.1.2.5.3 roll

5.1.2.5.3.1 excursion (degrees)

5.1.2.5.3.2 velocity (degrees/sec)

5.1.2.5.3.3 acceleration (degrees/sec
2 )

5.1.2.6 translational

5.1.2.6.1 longitudinal5

5.1.2.6.1.1 excursion (inches)

5.1.2.6.1.2 velocity (inches/sec)

5.1.2.6.1.3 acceleration (inches/sec
2 )

5.1.2.6.2 lateral

5.1.2.6.2.1 excursion (inches)

5.1.2.6.2.2 velocity (inches/sec)

5.1.2.6.2.3 acceleration (inches/sec
2 )

5.1.2.6.3 vertical

5.1.2.6.3.1 excursion (inches)

5.1.2.6.3.2 velocity (inches/sec)

5.1.2.6.3.3 acceleration (inches/sec
2 )
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5.2 Parasitic motion/coordinate transformation (dependent on the
instantaneous position of the simulator cab)

Rotational

yaw pitch roll

y/lo = p/lo = r/lo =

longitudinal lo/y = o/p = lo/r =

Translational y/la = p/la = r/la =

lateral la/y =  la/p = la/r =

y/v = p/v f r/v =

vertical v/y = v/p= v/r =

5.3 Other motion cueing devices

5.3.1 G-suit

5.3.2 G-seat

5.3.3 lap & shoulder belt tightening

% 5.3.4 display dimming (luminance/G)

5.3.5 whole cockpit vibration (simulate gun firing, engines, etc.)

5.3.6 control stick (vibration freq)

5.3.7 whole cockpit buffeting (vibration freq)

5.3.8 seat buffeting (shaker) (vibration freq)

5.4 'Method to limit motion (i.e. motion stops)

5.4.1 electrical limit switches

4 5.4.2 mechanical stops (e.g. shock absorbers)

5.4.3 computer (logic) controlled

5.4.4 controlled by hydraulic system

5.4.5 other methods to limit motion

5.5 Acceleration relationship (simulator to real)

5.5.1 slope

5.5.2 attainable amplitude
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5.b Motion spectral distribution of the simulator

5.7 Resonant freq of the simulator

5.7 Hydraulic reversal "bump"/oscillation

6. Cockpit Environment

6.1 Audio system

6.1.1 simulated sounds

6.1.1.1 hydraulic control systems

6.1.1.2 electronic control systems

6.1.1.3 mechanical systems

6.1.1.3.1 landing gear deployment

6.1.1.3.2 life support systems

6.1.1.3.3 engine(s)

6.1.1.3.4 weapons release

6.1.1.3.5 canopy movement

6.1.1.4 turbulence/wind

6.1.1.5 weather

6.1.1.6 rolling resistance (noise)

6.1.1.6.1 brakes

* 6.1.1.6.2 runway

6.1.1.6.3 tire squeal

6.1.1.7 other simulated sounds9
6.1.2 communications

6.1.2.1 with instructor

6.1.2.2 with "ground control"

6.1.2.3 with other aircraft

b.2 Temperature & humidity (range & ventilation rate)

6.3 Simulator artifacts (e.g. simulator-created noises that are not part
of the simulation)
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b.3.1 air conditioner vibration/noise

t.3.2 other sources of vibration/noise in the cockpit

b.4 Method of control loading, i.e., control dynamics (note if different

for each control)

b.4.1 spring loading

6.4.2 static (stiction) loading

6.4.3 coulomb friction

6.4.4 viscous friction

6.5 Control deadspace

b.6 Control backlash

6.7 Olfactory cuing & sources of odors

b.7.1 hydraulic oil

6.7.2 chemical warfare odors

6.7.3 breathing system odors

6.7.4 other sources of odors found in the simulator

6.8 Field-of-view

6.9 Illumination levels (ambient in cockpit)

b.1O Access/egress method

6.11 Windshield distortion

6.12 Head movement/field of view/parallax

7. Calibration

7.1 Which systems are specified on a calibration schedule

7.1.1 motion system

7.1.2 visual system

7.1.3 computer system(s)

7.1.4 audio system

7.1.5 othier systems that are calibrated

141



NTSC-TR86-0 12

7.2 What is the recommended/actual calibration schedule

7.2.1 motion system

7.2.2 visual system

7.2.3 computer system(s)

7.2.4 audio systems

7.2.5 schedule of other systems

7.3 Which systems have been out of calibration

7.3.1 motion system

7.3.2 visual system

7.3.3 computer system(s)

7.3.4 audio systems

7.3.5 other systems

7.4 How far out of calibration was each system & the date of calibration
of each system

.47.4.1 motion system

7.4.2 visual system

7.4.3 computer system(s)

744audio systems

7.4.5 other systems

8.Lags/Delays

8. 1 Pilot controls to display

8.2 Pilot controls to motion feedback

8.3 Pilot controls to instruments

6.4 Input to audio system

%8.5 display to motion systemI
(does motion system lead or lag display)

8.t) instruments to motion system

8.7 instruments to display
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9. Computer

9.1 Manufacturer(s) and date of manufacture

9.2 Type

9.2.1 analog

9.2.2 digital

9.2.3 hybrid

9.3 Manufacturer model(s) #

9.4 Core memory/disk space memory

N9.5 Software language

9.b Computer processing time for each simulator subsystem

9.7 Aircraft dynamics modeling techniques (i.e. "drive logic")

9.7.1 scaling (note if different on each axis)

9.7.2 motion system algorithm

9.7.2.1 as per aircraft/experienced pilots

9.7.2.2 parasitic motion/coordinate transformation

9.7.2.3 washout algorithm

9.7.2.4 motion limitiing algorithm

9.7.2.5 other motion system algorithms

4.1 Frequency at which computer samples the control inputs used in
computational dynamics

9.9 Effective system update rate (from time input samples are obtained to
time that computed outputs are available for display/motion/audio
system use)

9.10 Other specific interface time influences (e.g. control input to
computer; computer output to cuing systems)

9.10.1 # of digital to analog conversions

9.10.2 digital to analog conversion time

9.10.3 #~ of analog to digital conversions
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9.10.4 analog to digital conversion time

9.10.5 field of interest display (requires eye tracking)

10. Building (simulator facility)

10.1 Size of immediate room

10.2 Illumination level in immediate room

10.3 Sources of odors

10.3.1 hydraulic oil

10.3.2 chemicals

10.3.3 other sources of odors found in the building

10.4 Temperature & humidity (range) & ventilation rate

10.5 Facilities available

10.5.1 control room

10.5.2 briefing room

10.5.3 other facilities available

10.6 Sources of noise/vibration

10.6.1 hydraulic power unit

10.6.2 motion base hydraulic noise

10.6.3 mechanical noise (e.g. from motion base)

10.6.4 other sources of noise/vibration found in the building

11. Operating Procedures

11.1 Duration of training mission

11.2 Intensity of training mission

11.3 Use of "freeze" (i.e., stop-action with the display on the screen) m

L1.4 Use of "reset" (i.e., is displayed on screen during rewind)

11.5 Is screen blanked at entry/exit

11.6 kre trainees allowed external view of simulator while it is in
mot ion

11.7 Use of suspect maneuvers (list -e.g., sudden stops in
flight of VSTUL aircraft)
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ACRYNYM GLOSSARY

AtOM - air combat maneuvering

AEW - airborne early warning

ASW - anti-submarine warfare

BN - bombardier/navigator

CCTV - closed-circuit television

.0 CGI - computer-generated image

Ch - channel

CRT - cathode ray tube

d-o-f - degrees-of-freedom (usually of vehicular motion)

ECM - electronics countermeasures

f-o-v - field-of-view

helo - helicopter

IFR - instrument flight rules

NCLT - night carrier landing trainer

NTEC - Naval Training Equipment Center (Now Naval Training Systems Center)

,:T:;C - Naval Training Systems Center

oF' - operational flight trainer

P1O - pilot-induced oscillation

RI) - radar intercept officer

SAM - surface-to-air missile

VFR - visual flight rules

VPI&SU - Virginia Polytechnic Institute and State University

VSTOL - vertical/short takeoff and landing

WST - weapons system trainer

WTT - weapons tactics trainer
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